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SECTION  1 
INTRODUCTION 


Nuclear- induced  infrared  radiation  in  the  2-  to  5- pm  region  has 
important  systems  (and  potential  systems')  impli  ations.  This  is  especially 
true  for  wavelength  bands  near  2.8  and  4.3  pm.  \ccurate  modeling  of  the 
emissions  is  necessary  for  a good  assessment  of  the  systems  degr.til.it  1 on  in 
a nuclear  environment. 

In  the  work  reported  here,  we  attempt  to  pinpoint  the  major  un- 
certainties currently  associated  with  a determination  til"  the  molecular 
emissions,  particularly  those  near  2.8  and  -1.3  pm,  and  recommend  a research 
effort  designed  to  improve  the  prediction  accuracy.  Emphasis  is  placed  on 
the  chemical/optical  phenomena  associated  with  the  excitation  and  emission. 
Uncertainties  related  to  nuclear  phenomenology,  that  in  some  instances  may 
overshadow  those  considered  here,  lie  outside  the  scope  of  the  present 
effort . 

I he  procedure  adopted  was  to  first  identify  the  atmospheric 
molecules  that  are  known  to  radiate  in  the  wavelength  regions  of  interest. 
Next,  we  attempted  to  evaluate  the  relative  importance  of  each  specie  in  a 
nuclear  environment  by  considering  various  pieces  of  field,  laboratory,  and 
theoretical  data.  In  particular,  use  was  made  of  prior  MHD/chcmi st ry  code 
runs  for  high-altitude  bursts,  P-region  chemistry  benchmark  calculations, 
and  comparisons  with  Fishbowl  and  auroral  data.  Certain  species  have  been 
eliminated  from  consideration  on  the  grounds  that  their  formation  rates, 
compared  with  those  for  other  species  radiating  at  nearly  the  same  wave- 


length, are  relatively  small.  For  those  species  retained,  we  have  estab- 
lished a list  of  the  major  uncertainties  and  have  assigned,  for  each  mole- 
cule, relative  priorities  relating  to  the  need  for  research  to  reduce  them. 


Final  H.  v»i-  have  attempted  to  provide  an  overall  priority  list  me.  ot' 
research  revpii rement s . taking  into  consideration  the  relative  importance  ot 
each  specie  and  the  systems  needs,  or  anticipated  needs,  as  wo  currently 
understand  them.  The  ordering  of  priorities  is  necessarilv  somewhat  sub 
iective  since  systems  revpn i rement s . in  terms  of  wavelength  hands,  sensitivit 
etc.,  are  subject  to  chance. 


Section  .’  is  de\oted  to  a cons  idorat  i on  of  NO  which  has  lone  been 
believed  tv'  be  the  m.i  ior  source  of  d . S and  a.  I }im  emission  in  a nuclear 
cm  i rciricnt  . lhe  chomi  luminescent  and  atom  interchange  evcitat  lott  mechanism 
are  re\  lowed  in  the  light  of  existing  field  vlata  bv'tli  auroral  and  nuclear. 
Peficiencies  in  the  models  used  tv'  vlescribe  the  vlata  are  identified, 
lhe  sensitivitv  of  NO  che-.i  luminescence  tv'  the  unknown  branching  ratios  for 
product  ion  of  Ni'sl  and  Nt“Pl  atoms,  under  nuclear  disturbed  conditions, 
i -■  .piant  . t ied  and  reoommendat ions  are  m.ivle  for  specific  laboratory  measure 
nient  s . 


Section  ' considers  other  emitters  in  the  d.o  tv'  d . 9 uni  region 
with  special  emphasis  on  00  , , Oil.  and  110,. 

Section  1 vlea 1 - with  the  wavelength  hand  from  about  1.1  to  l.n  pm. 

MIS  * 

Incluvlcvl  for  cons  idorat  ion  are  the  molecules  t'O,,  10,  \ \ . NO  , and 
NO,,  some  of  which  max  produce  nuclear  enhanced  emission  in  the  blue  or 
red  spike  regions  of  the  main  t'O,  absorption  band. 

t inall'.  Sect  ion  S gives  a summar'  v't  our  findings  and  presents  a 
pnorit'  listing  v't  recommended  field,  laboratory.  and  theoretical  research 
pfv'grams  rev)uirevl  to  upgrade  our  modeling  cupnbilitx  tor  t lie  .’  tv'  > n 


SECTION  2 
NO  RADIATION 


INTRODUCTION 


Tins  section  discusses  various  aspects  of  the  problem  of  verifying 
the  mechanisms  involved  in  the  generation  of  1R  radiation  from  NO.  the  un- 
certainties associated  with  its  prediction,  and  recommendations  for  specific 
measurement s . 


Because  NO  radiation  in  a nuclear  environment  lias  important  systems 
impl  icat  ions , .1  major  goal  of  1'N  \ programs,  including  ICECAP,  l'Nfl-'Df,  COl'UISf. 
and  l\BOEPr,  has  been  the  verification  of  weapon  effects  models  used  to 
describe  this  radiation.  Uncertaint'  in  the  mechanisms,  and  in  certain 
parameters  imolved  in  the  mechanisms,  has  persisted,  although  the  above 
programs  have  served  to  advance  our  knowledge  of  them  and  to  decrease  the 
uncert  a int  1 es  accord  i n g 1 v . 


Until  the  advent  of  the  auroral  program  ICECAP,  the  dominant  cxei 
tat  ion  mechanism  for  NO  fundamental  and  overtone  radiation  outside  hot 
fireballs  was  believed  to  be  chemi luminescence , especial l\  through  the 
N("P1  +0,  reaction.  However,  anal. vs  is  of  UT'CAP  has  shown  that,  although 
the  limited  amount  of  auroral  data  near  2.~  am  can  approximately  be  accounted 
for  on  this  basis,  the  data  near  5.4  pm  cannot.  On  the  other  hand,  it  appears 
that  earthshine  scatter  from  NO,  coupled  with  excitation  of  N0(\  11  by 
the  atom  interchange  reaction  O'  * NO  *-0  < NO'  , can,  in  the  main,  account  for 
the  results.  But  no  confirmation  of  this  is  available  since  the  concentrations 
of  NO  and  0 were  not  directlv  measured.  Confirmation  of  the  atom  inter- 
change mechanism  has  potentiallv  important  systems  applications  in  a nuclear 


environment  whore  the  temperature  may  he  sufficiently  elevated,  over  large 
spatial  regions,  to  produce  excitation  of  N0(v=2)  with  emission  intensities 
at  2,7  pm  approaching  thermal  equilibrium  values.* 

Validation  or  improvement  of  the  chemi luminescent  model  for  NO 
emission  has  also  been  an  important  goal  in  the  past  few  years.  A signifi- 
cant forward  step  in  this  effort  lias  been  the  recent  C'0( '1 1 1 SI  measurements 

at  AlHIl.  on  the  vibrational  distribution  of  NO  following  its  formation  by 
■) 

the  N(“l')  +0,  reaction.  This  work  establishes  the  spectral  distribution 
of  the  emitted  NO  radiation  and  provides  a good  estimate  (probably  to  within 
a few  percent)  of  the  absolute  photon  efficiency  for  the  reaction  in  both 
the  fundamental  and  overtone  bands.  These  results  can  be  used  to  update 
previous  calculations  of  auroral  intensities,  and  comparisons  with  lUT'AP 
data,  and  to  learn  more  about  the  relative  roles  of  chemiluminescence  and 
atom  interchange  in  exciting  NO  emission. 

In  this  section  we  first  look  at  the  OOC1IISI  results  on  the  rela- 

*> 

tive  production  rates  of  N0(v)  hv  the  N(~l>)  +0,  reaction  and  report  an 
independent  verification  of  the  spectral  distribution  of  radiated  energy 
and  the  photon  efficiency  for  both  the  fundamental  and  overtone  bands.  The 
significance  of  these  results  on  prior  chemiluminescent  calculations, 
particularly  those  relating  to  auroral  conditions,  is  discussed.  This  has 
bearing  on  the  next  topic  which  concentrates  on  the  5. 4 -pm  spectral  region. 
Here  we  compare  some  theoretical  results  on  the  spectral  distribution  of 
(1,0)  band  emission  from  NO,  at  various  temperatures,  with  0\T  (circular 
variable  filter)  data  from  It'IOAl’.  The  implications  of  these  comparisons, 
relative  to  the  atom -interchange  and  the  chemiluminescent  excitation 
mechanisms,  is  discussed.  I inally,  we  report  on  the  results  of  some  ealeu 
lations  performed  to  determine  the  sensitivity  of  NO  chemistry  and  chemi 
luminescence  to  the  branching  ratios  for  the  formation  of  N'('s)  and 
N ( “ I > 1 . Recommendations  are  then  made  for  laboratory  and  field  experiments  to 
upgrade  our  prediction  capabilities  for  111  emission  from  NO. 

* This  statement  is  based  on  work  performed  under  this  contract,  but  not 
otherwise*  reported  here,  in  which  the  results  of  former  Ml IH  calculations 
for  a high-yield,  high-altitude  burst  were  modified  to  include  the  atom- 
info  r change  median i sm . 
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Photons  Por  Reaction  ami  Sensitivity  to  Queue  hi  mi  Models 

In  Appendix  \ v\o  present  an  independent  ealenlation  of  the  photon 
efficiencv  in  the  t'undamental  and  first  overtone  bands  of  Ml),  exeited  In  tin 
re, let  ion  \(‘P)  >0,  “\0*0,  using  the  recent  Iv  measured  data  In  M ill  on  the 
relative  prodnetion  rates  for  \0(v).  Included  are  the  efforts  of  ,|ueuclt  i in 
ti  s i ng  two  different  models.  the  prmeipal  results  are  presented  m table  \ 
and  figures  \ l to  \ i.  I lie  eone  I us  i ons  ran  be  siimmari  ed  as  follows. 

In  the  :ero  oiienehinr  limit,  the  number  of  photons,  t>.  , emitti 

1 1 l mid , 

per  rear t ion  In  \0  in  the  fundamental  band  is  a.O;  the  number,  n . , ii 

1 o\  evt  one 

the  i i rst  overtone  band  is  O.'S.  \bov  e about  SO  Km  altitude,  i|iienvhing  In 

atomie  oxvgen  dominates  and  produees  relative  minima  at  100  km  in  the  alti 

tude  profiles  tor  ti  . . and  n I'he  values  for  n then  inereasi 

tund.  'overtone 

with  inereasing  altitude  and  approaeh  their  ero  quench  i ng  limits  above  aboi 
l 10  km.  below  SO  km,  the  photon  off ieioneies  devrease  nearlv  exponent  i a 1 1 v 
with  deereasing  altitude,  beeause  ot'  quenching  In  moleeular  ovvgen,  so  that 
at  .'0  km  tlun  are  about  throe  orders  of  magnitude  smaller  than  their  un 
quenched  values, 

the  i|uoneh  i ng  models  adopted  assume  that  the  i|iietu'h  i tig  rate 

eon- taut  satisfv  either  til  v|Ui'nehing  proport  i ona  l to  the  vibrational 

quantum  number,  v . i . e . , k . vk,  . , or  |iil  uiu'iiehing  i tulependent  ot  v 
1 v , v 1 1,0 

i . i . k , k,  Model  ' provides  for  eonsiderablv  more  uueiuhing  ot 

v . v t 1,0  1 

the  higher  v i bra  t i ona  1 states  than  doe  s Modi'  I ’ . \ev  e r t he  l es  ■• , tor  the 
tnnd.iment.il  band,  the  two  model-,  produee  nearlv  ident  ieal  values  tv>r  t|  . 
lor  the  tir-t  overtone  band,  Model  i|uenehing  gives  values  for  tl  about 
*0  pei, out  larger  than  does  Model  l quenehiiig  at  .'0  km  altitude,  but  the 
differenves  de, rea.e  with  inereasing  altitude.  Huts,  we  gone lude  that 
although  the  magnitude  ot  the  ,|uenehing.  rate  eonstant  k i--  important, 

knowledge  ot  the  relative  rates  among  the  different  vibrational  states  is 


not  part  icularlv  crucial  to  a determinat  ion  of  ir.  , and  n 

1 t mill . overt  one 

Mum,  use  ot  k(  ()  as  a quenching  rate  constant  for  all  states  Nt'tvl 
probob l v >:  \ \ os  sufficient  aceuracv  tor  most  purposes. 

\s  tar  as  emission  from  the  individual  vibration  rotation  (\  III 
baiuls  • >(  the  first  overtone  band  svstem  of  NO  is  concerneil,  our  results 
shos  that  with  Moilel  1 quenching,  the  peak  emission  occurs  in  the  (!«..>) 
baitil  t’.SI  pml  at  all  altitudes.  lor  Model  ' quenching,  however,  there  is 
a .hi  It  in  th<'  band  for  which  the  peak  emission  occurs.  \bovo  about  l.'O  km, 
it  occurs  in  the  t '.a)  band,  from  II!'  to  at  least  SO  km,  it  occurs  in  the 
tt',11  band  ( . Su  tun),  and  at  and  below  St'  km,  the  peak  is  in  the  (“.S'  band 
('.'hi  pm'.  thus,  at  lower  altitudes.  Model  quenching  should  produce  a 
•hilt  in  the  overtone  spectrum  toward  longer  wavelengths,  perhaps  hv  about 
0 I pm,  relative  to  that  at  the  higher  altitudes.  However,  as  we  will  see 
below,  the  cliemi luminescent  overtone  spectrum  is  sufficient  1'  broad  ( O.a 
pm  lull  width  at  halt  maxunuinl  so  that  it  such  a shift  occurs,  and  is  ignored, 
no  significant  ca leu  1 a t i ona 1 error  in  the  intensitv  should  result. 


It.i-ed  upon  the  foregoing  ca  I cu  I at  i oils  , employing  two  quenching 
model.,  we  conclude  that  detailed  measurement  ot  the  variation  with  \ of 
the  quenching  rate  coefficient  k , , relative  to  k . i s pri'bablv  not 
critical  for  a dot orminat ion  ot  the  nuclear  induced  intortoronco  with 
v .terns  operating  near  . pm  and,  therefore,  that  such  measurements  do  not 
w a r ran t t op  pr i or 1 1 v . 

Spectral  1"  sf ri but  ion  of  Imittod  Radiation  (7oro  Quenching  limit) 

In  earlier  report  ••  (lleference  ' l,  Appendix  \,  and  Uotoronvo  .' 

x 

we  calculated  the  NO  chemiluminescent  spectra  from  the  N(  O'  * 0 , reaction 
based  on  the  assumption  that  the  first  IS  vibrational  states  ot  NO  are 
populated  with  equal  probability.  Using  the  same  procedures,  we  have 


i 


i.' 


t'iv  .itviil.it  Ovl  t Ho  '.|v,ir.i  u ^ i n>;  t lio  ivXM  l SI  data.  1'hose  calculations  wore 
>lono  on  I \ tor  tho  on  so  of  :oro  quench  i ng . although  use  of  tho  results,  shown 
in  Vppendix  m our  computer  rontino  will  permit  a determination  of  tho 
spec  t ra  for  an\  a 1 1 i tilde  . 

I lio  prooi'iliiro  nsoil  is  to  first  onion  Into  tho  ('motion  of  tho  total 
numhor  ot  photons  omit  toil  b\  tho  hatwl  svstom  i,\v  I or  Av  .'1  whose  wavo 
length  falls  in  a rosolntion  olomont,  \\,  at  \.  I'liis  proilnoos  a bar  graph 
isliioh  won Kl,  it  A\  iioro  ohoson  small  enough,  exhibit  all  tho  rotational 
linos  ot  tho  haiul  svstom.  Next,  wo  simulate  what  a oiroular  variable  filter 
(i\n  spoot  romot  or,  ot  offoot  ivo  bandwidth.  . wouKI  soo  as  it  soans  in 

wavelength  oxer  the  bar  spootrum.  It  is  these  svnthotio  i'\l  spool ra  that 
are  shown  here. 

I igure  I shows  the  on  loulat  oil  spectral  il  i st  r i but  ion  of  \0 
fundament  a 1 I'.uwl  photons  per  reaotion  in  a hand  of  wiilth  A\  0.1.'  pm. 

\ resolution  A\  O.iV  urn  was  adopted.  five  results  are  shown  tor  rotational 
temperatures  ot  'SO  ainl  t SO  'K,  although  for  \ " S . (>  um  the  two  results  are 
indistinguishable.  Note  that  the  peak  emission  oeours  at  about  S.lfi  pm. 

In  I igure  ' .'  the  .'SO  k otirve  ot'  figure  I has  been  oonvertoil  to 

a "per  mioron"  basis  In  dividing  In  0.1.'  and  the  resulting  eurvo  is  oompared 

with  the  correspond i ng  result  obtained  on  the  basis  of  our  old  "oi|uul  popu 
I at  ton"  assumption.  l\'e  see  that  the  new  and  old  spoot  ra  are  ipiite  similar 

at  short  wavelengths  up  to  the  peak,  but  thereafter  the  old  spectrum  falls 

oft"  more  sjowlv  with  wavelength  beeause  of  the  assumed  greater  produet ion 
rate  ot  the  higher  vibrational  states. 

figures  \ to  .'  S present  the  results  for  the  first  overtone  band, 
figure  ' ' shows  the  wavelength  positions  and  relative  strengths  of  tin- 
peaks  of  the  K.  i),  and  I'  branehes  of  the  bands  in  the  Av  .'  sequence 
at  a temperature  ot  Mb'  k.  I igure  1 shows  spectra  calculated  for  two 
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Calculated  spectrum  (fundamental ) o t,  NO  chemi luminescence  usinu 
the  AFGl  laboratory  data  for  the  N(;P)  + Op  ‘ NO  ♦ 0 roar t ion 
(zero  quench  1 no  limit). 
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Comparison  between  old  and  new  spectra  for  NO  fundamental  emission 
from  the  reaction  N(2d)  + 09  -*•  NO  + 0 at  250  K°(zero  quenching  lim 


Photons  Per  Reaction  Per  Micron 


Figure  2- 
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Calculated  spectrum  (overtone)  of  NO  chemiluminescence  using  the 
AFGL  laboratory  data  for  the  N(2d)+0«  -N0+0  reaction  (zero 
quenching  limit). 


Figure  2-5.  Comparison  between  old  and  new  spectra  for  NO  overtone  emission  from  the 
reaction  N'^D)  + 09  NO  + 0 at  250!=K  (zero  quenching  limit). 


different  combinations  of  CVF  bandwidth,  A\  . and  resolution,  AX,  at  250°k. 
l:or  the  spectrum  corresponding  to  the  higher  resolution,  the  individual 
peaks  are  identified  according  to  the  main  bands  that  contribute  to  them. 

The  relative  strengths  of  some  of  the  peaks  shown  mav  not  be  accurate  because 
of  insufficiently  small  values  chosen  for  AX  and  AX  ...j..  In  figure  2-5 
we  compare  the  low  resolution  spectrum  of  figure  2 1 with  the  corresponding 
spectrum  calculated  on  the  basis  of  t lie  "equal  population"  assumption.  As 
can  be  seen,  the  new  spectrum  peaks  at  a somewhat  shorter  wavelength,  and 
exhibits  considerably  fewer  photons  at  and  beyond  the  rather  broad  peak 
near  2. SI  pm,  than  does  the  old  spectrum. 

Implications  to  Prior  Calculations  and  Conclusions 

The  foregoing  results,  pertaining  to  photon  efficiency  and  spectral 
emission  for  the  fundamental  and  overtone  bands  of  NO,  can  be  compared  with 
those  used  in  prior  calculations,  particularly  those  using  the  \UCT10  code. 

Ke  have  reviewed  some  of  our  earlier  work,  in  light  of  the  above  changes, 
to  see  what  conclusions,  if  any,  based  on  previous  comparisons  with  auroral 
K'1:C\P  data,  and  nuclear  fishbowl  data,  need  revision. 

The  former  calculations  assumed  that  the  \(“|V)  +0,  reaction 
forms  Oi‘%Pl  and  0('l>l  according  to  the  scheme 


-\-  •• 


no  * of  n 
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which,  .ith  the  "equal  population"  assumption,  results  in  5.'  fundamental 
photons  and  0.82  overtone  photons  per  overall  reaction  with  a rate  constant 
of  (>  y 10  cm''  sec  '.  lhoso  numbers  are  to  be  compared  with  the  new  ones, 
based  on  POOIISI  measurements,  of  5.0  and  ('.28,  respectively.  Pints , our 


assumed  " values  for  the  fundamental  and  overtone  were  high  by  factors 


ot'  about  1.5  and  2.9  compared  with  the  now  unquenched  values.  When  collisional 
quenching  is  included,  Table  2-1,  based  on  Figure  \ - 1 . shows,  for  selected 
altitudes,  the  factors,  1',  In  which  our  previously  calculated  chomi  luminescent 
volume  emission  rates  are  too  large.  The  overtone  values  Tor  T are  based 
on  Model  2 quenching  as  described  in  Appendix  \. 


Table  2-1.  factors  by  which  previously  calculated  auroral 
NO  chemiluminescent  volume  emission  rates  are 
too  large. 


Altitude 

(km) 

^fund. 

F 

overtone 

90 

2.2 

4.1 

100 

4.0 

6.4 

110 

2.6 

4.3 

120 

1.9 

3.4 

130 

1.6 

3.2 

CO 

1.5 

2.9 

We  have  applied  these  factors  to  correct  our  previous  calcu- 
lations and  to  reconsider  the  conclusions  regarding  the  role  of  NO  chemi- 
luminescence in  the  interpretation  of  nuclear  and  auroral  data. 

Nuclear  Pata.  The  lit  data  from  two  high  altitude  bursts  have 
been  reviewed  with  the  object  of  verifying  the  NO  chomi luminescent 
mechanism  for  the  fundamental  and  first  overtone  bands.  After  applying 
the  foregoing  results  on  spectral  band  shapes  and  photon  efficiencies, 
and  allowing  for  instrument  response  funct ions  and  transmission  losses, 
we  find  that  in  one  case  the  data  are  consistent  with  the  NO  mechanism. 

In  the  other  case  they  are  decidedly  not.  We  conclude,  therefore,  that 
the  nuclear  data  do  not  unambiguouslv  support  the  convent ional lv  assumed 
role  for  NO  in  a nuclear  environment. 


Auroral  Pat  a.  Kith  respect  to  auroral  data,  t ho  conclusions 
tormerly  reached  (Reference  2-3)  were:  111  NO  chemi luminescence  cannot 
account  for  the  hulk  of  the  data  near  5.4  inn,  either  with  respect  to  the 
magnitude  of  the  emission  or  to  its  spectral  distribution;  (2)  the  calcu- 
lated NO  chemi luminescence  near  2.7  pm  is  in  reasonable  agreement  with 
the  only  available  rocket  measurement  of  zenith  intensity  (rocket  MO. 205-2, 

24  March  1973).  Our  comments  on  these  conclusions  are  as  follows. 

first,  with  respect  to  Conclusion  2,  the  new  spectral  distribu- 

tion (figure  2-5)  is  in  better  agreement  with  the  0\1'  data  on  this  flight 
(see  figure  3-12,  Reference  2-2)  than  is  the  old  "equal  population"  spectrum. 
However,  our  new  calculated  zenith  intensity  (modified  from  Reference  2-2) 
falls  short  by  a factor  of  about  3 in  accounting  for  the  rocket  data  above 
95-km  altitude.  \s  to  the  fluorescence  efficiency  (on  an  energy  basis)  in 

the  2.8-pm  band,  figure  2-t>  is  a graphical  summary  of  our  theoretical  results 

for  several  auroral  events  compared  with  the  available  field  data.  1'he 

theoretical  curves  have  incorporated  the  recent  COCHISf  results  on  the 
•> 

N (*!')  *0,  reaction  and  also  quenching  as  shown  in  figure  A-l.  The  rocket 
data  shown  in  figure  2-o  was  obtained  by  integrating  over  the  I'Yf  spectral 
features  (near  2.8  pm)  at  75-  and  100-km  altitudes  and  using  the  measured 

O 

3914- \ zenith  intensity  to  infer  the  energy  deposition  rate.  One  other  piece 
of  rocket  data  (not  shown),  from  a side  looking  radiometer  on  ICfl'Al'  rocket 
\ 1 8 . 205-1,  has  been  used  by  Kofsky  (Reference  2-4)  to  infer  a fluorescence 
efficiency  as  high  as  3.5  percent.  However,  because  of  the  necessity  of 
subtracting  a large  earth- limb  contribution  to  the  observed  radiance  in  this 
case,  the  associated  uncertainty  is  probably  large.  The  range  of  efficiencies 
inferred  from  the  2.8-pm  aircraft  data,  shown  in  figure  2-o,  was  obtained 
from  analyses  presented  in  References  2-4  to  2-n.  Although  the  theoretical 
efficiencies  are  functions  of  altitude  and  depend  on  the  input  auroral 
particle  spectrum  as  well  as  the  bombardment  time  (since  it  takes  time  to 
achieve  steady  state  conditions  after  turn-on  of  the  aurora),  it  is  clear 
from  figure  2-t>  that  the  theoretical  values  are  generally  less  than  about 
0.3  percent.  The  field  data,  on  the  other  hand,  support  values  that  are 
larger  than  this  by  factors  of  at  least  2 to  3.  Clearly,  more  field  data 
and  analyses  are  needed  to  confirm  whether  NO  overtone  emission  can  fully 
account  for  the  auroral  intensitv  and  spectral  distribution  near  2."  um. 


Next  , t'ov  the  fundament  il  band,  wo  looked  primarily  at  (2\  f data 
from  the  '"’5  Multi  event  (rocket  IC510 , 0~- IB) . This  is  because  the  instru- 
ment used  for  that  event  extended  in  wavelength  to  5 . t>  pm  and  so  permitted 
observations  to  wavelengths  beyond  the  peak  of  the  feature  near  5.-1  am 
which  the  earlier  instrumented  flights  did  not.  1'he  feature  actually 
exhibits  a double  peak  (see,  for  example,  figure  .'-15,  Reference  .’-51  the 
main  one  at  about  5.2  urn  and  the  other  at  about  5.1  am.  figure  2-“’  shows 
the  zenith  spectral  intensity  for  these  peaks  measured  on  rocket  ascent. 

\s  far  as  we  can  infer,  the  arc  was  above  the  rocket  until  the  rocket 
penetrated  it  at  about  125- km  altitude,  details  of  this  event,  and  our 
earlier  calcul.it  ions , are  presented  in  Reference  2-5.  The  calculated  peak 
spectral  radiance  near  5.1  pm,  as  inferred  from  figure  2-2  and  our  \RCT1C 
code  calculat  ions,  is  shown  by  the  dashed  curve  in  figure  2-”.  It  is  seen 
that  the  calculated  values  at  low  altitudes  are  within  a factor  of  2 of  those 
measured  for  the  5.1  ,.m  peak  and.  above  150  km,  actuallv  exceed  the  measured 
va  lues . 

Ihe  comparison  shown  in  figure  2 - is  at  variance  with  our  former 

Conclusion  1 above  and,  if  taken  seriously,  presents  a dilemma  in  terms  of 

spectral  interpretation  as  discussed  in  the  next  subsection.  However,  it 

should  perhaps  be  noted  here,  that  although  our  calculations  were  based  on 

the  measured  input  particle  flux  to  the  aurora,  our  calculated  zenith 

intensity  profile  for  501  1 \ exceeds  the  measured  one  bv  factors  between 

* 

.d'out  2 and  1 see  figure  2 10,  Reference  2 51.  If  the  theoretical  curve 


l'his  discrepancy  between  intensities  measured  at  501-1  \ bv  photometer 
and  those  inferred  from  particle  measurements  is  consistent  with  com 
pari  sons  made  for  other  auroral  events,  but  its  source  is  not  known. 


Rocket  Altitude  (km) 
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Peak  Spectral  Intensity  (MR/jim) 


Figure  2-7.  Observed  peak  spectral  radiance  for  5.3-pm  features 
compared  with  calculated  values  for  the  auroral  arc 
(rocket  IC519.07-1B) . 
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in  I'ijjure  ’ ” is  t Inis  reduced  accord  iny  1 v , I ho  measured  peak  intensity  at 
5 . 1 uni  would  exceed  tlu'  ca  Ion  1 a toil  peak  by  factors  of  about  I at  1 t'O  km, 
s , 5 at  1 1 S km,  ami  .'  at  I .'0  km.  In  anv  case,  for  lator  reference,  wo  not  o 
that  tho  calculations  show  that  at  higher  altitudes,  a larger  fraction  of 
t ho  omission  is  at t rilmtahlo  to  NO  chomi luminosconco  than  it  is  at  tho  loner 
alt i tildes,  at  least  for  this  particular  auroral  event. 

I'lie  explanation  for  the  double  peak  of  tho  h.a-pm  feature,  as 
given  in  Reference  am!  further  elaborated  in  the  next  subsection,  is 

that  the\  are  the  u and  I'  branches  of  the  (1,01  band  of  NO  excited, 
presumably,  b\  the  atom  interchange  reaction  and  earthshiiie  scatter.  If, 
on  the  ol her  hand,  chomi luminescence , with  a single  peak  near  !>.l  pm  ( see 
figure  1 is  the  major  contributor,  it  would  leave  unexplained  the  source 
of  the  pm  peak  and  a I so  the  near  svinmet  rv  in  the  S,,x-pm  .enith  intensitx 
that  lias  been  cons  i st  out  I v observed  on  UTt'.M'  flights  during  rocket  ascent 
and  descent  . 


In  the  next  subsect  ion  we  look  in  detail  at  some  measured  i'\ 1 
spectra  near  pm  and  further  discuss  the  implications  of  a substantial 
cont  r i but  ion  to  it  from  NO  cliemi  luminescence. 


I UNPAMI  N1  Al  I'ANO  RAP  I AT  I ON 
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i\u  i ili'il  t ho  NO  eoneont  rut  ion  i s miiI.iM'  onhaneoil  over  i ( s low  latitu.lo 
v.  iluos  ( soo . for  ovaiitplu,  Koferonoe  a).  I veil  at  ion  of  X0|V'*1  . with 
implieations  tv'  systems  oporat  in>:  near  pm,  ean  s i m i \ a r l \ ho  evpeetoil  in 
regions  of  t ho  .it  mosphore  heatoil  In  nuolear  explosions.  Val  iilat  ion  of  t ho 
it  tom  mt  orehun.yo  mooli. in  i sin  is  therefore  import,  in  t . 


Spoot  ral  foils  i itor.it  i ons 


He  have  seen  in  the  l.o.t  subsoot  ion  th.it  our  auroral  o. ilonl.it  ions 
for  the  ’ Multi  event  ( If  Ml*  .0"  lit)  y.ivo  on  NO  ohemi  liuui  nesoeut  oontrihu 
tii'ii  to  the  fuuil.iment.il  baml  th.it  is  .it  least  a substantial  fraotion  of  the 
measnreil  intonsitv.  I'ho  ipiest  ion  ot  whether  this  is  eompat  iMe  with  the 
available  ('VI'  spoof  ra  will  non  ho  examine.). 

1 t yure  ,!-S  ( from  Uet'orenoo  V- I or  J ')  shows  oo  a.liloil  fVI  spootra 
taken  on  asoent  at  so  loo  toil  altitiwles  a ml  present  Oil  suoh  that  the  s . ' pm 
peaks  are  all  normal  i e.l  to  unit  relative  intonsitv.  Vs  pointo.l  out  in 
Ueforenoes  V I ami  ",  throe  featuros  to  note  about  the  spootra  are  that 
with  inereusiin:  altitiwle  there  is:  (11  a shift  of  the  !» . pm  peak  to  shorter 
wavelengths,  ( .’ ) a ileorease  in  the  !> . 1 urn  peak  rotative  to  the  > .'  . m peak, 
ami  (v)  a n.i  r row  i in;  ot  the  entire  struoture.  In  Ivotorenoes  V I ami  '. 
features  ’ ami  V were  presented  as  e\  iilenoe  that  NO  ohemi  luniinosoenoe  is 
operat  i nr,  to  moilifv  the  !> . I urn  peak  at  altitiwles  below  110  km.  lino-,  pro 
• umablv,  tin'  speetriim  in  future  S .orrespoinl i ny  to  an  altitiwle  of  !'■  Km 
represents  (1.0)  baml  railiation  from  NO.  Vt  lower  altitiwles,  NO  ohemi 
I uin  i uesoeuoe , with  a peak  near  !• . I |iitt,  would  servo  to  enhanoo  the  -.  I pm  peak 
re  t at  i vo  to  t hat  at  S . pm. 

I'ho  forep.oinp.  evplan.it  ion  of  the  features  is  at  least  i|iia  l i t at  i \ el  v 
appoa  I i in;  . However,  there  are  ,1 1 1 t i on  1 1 i os  with  it.  1 i r s t , we  I i ml . t rom 
an  i mlopomlont  stiwlv  of  the  f V I ,lata.  that  the  variation  with  altitiwle  ol 
the  ratio  between  the  two  peaks  is  about  the  same  on  rookot  asoent  aiwl 


.. 


descent  . Hut,  according  to  the  on- hoard  501  1\  photometer,  tlie  roekot 
descended  in  a region  where  the  auroral  intensitv  was  at  least  ten  times 
less  than  that  on  rocket  ascent.  Thus,  the  relative  contribution  from  NO 
chemi luminescence  to  the  5.1 -inn  peak  should  he  much  less  on  descent  than  on 
ascent.  Second,  as  was  pointed  out  in  the  previous  subsection,  our  ealeu 
lations  indicate  that  for  the  particular  auroral  arc  in  question,  chemi 
luminescence  should  become  relative!'  more  important  at  the  higher  altitudes 
than  at  the  lower  altitudes  (see  figure  '-"l.  lhis  i iust  the  reverse  ol 
what  is  needed  to  account  for  feature  . 


Ihere  is  an  alternative  explanation,  however,  that  fits  features 
l and  (although  not  feature  51  that  we  now  present.  It  is  based  on  t he 
fact  that  for  increasing  altitude  above  100  km,  there  is  a monotonic  in 
crease  in  the  kinetic  temperature,  T.  \ssuming  I'oltzmann  equilibrium  among 
the  rotational  states,  this  reflects  itself  in  a change  with  altitude  in  the 
ratio  of  I!  tv'  l'  branch  peaks  of  the  (1,01  band  of  VO.  lie  have  calculated 
svnthetic  f\l  spectra  (assumed  f\T  bandwidth  of  0,1.’  nml  for  the  (1,0)  band 
at  selected  temperatures  between  J50  and  750  k.  The  results,  with  t lie  K 
branches  normalized  tv'  the  same  value,  are  shown  in  figure  7-0.  The  t op 
curve  (.'50  "kl  corresponds  to  an  altitude  of  about  110  km;  the  bottom  one 
(’50  "kl  to  an  altitude  of  about  l«0  km.  Notice  the  shift  of  the  U branch 
peak  near  5..’  urn  tv'  shorter  wavelengths  with  increasing  1 (altitude)  and 
also  the  decrease  in  magnitude  of  the  I'  branch  peak  near  5.1  urn  relative  tv' 
that  of  the  R branch.  Die  latter  effect  is  due  partly  to  the  increasing 
wavelength  separation  of  the  peaks  with  increasing  V,  coupled  with  the  fact 
that  the  transition  probability  for  each  rotational  line  varies  as  V . 
figure  10  compares  550  "k  and  750  "h  spectra  from  I igure  11  with  the  co 
added  fVI  feature  at  157  km  from  figure  ' 8,  The  latter  should  correspond 
tv'  emission  from  altitudes  above  157  km,  i.c..  to  temperatures  g.t'OO  "k. 


The  resemblance  between  the  measured  I'Vf  features  and  the  calculated 
(1,01  band  spectra  of  NO,  shown  in  figures  .’-8  through  .'  10.  i s sufficient!' 


striking  to  add  cons iderable  weight  to  the  idea  that  the  omission  is  com- 
pletely dominated  by  t ho  NO 1 1 .O')  band  excited  by  atom  interchange  plus 
oarthshinc  scatter.  On  the  other  hand,  if  figure  2-S  is  a true  representa- 
tion of  the  facts,  then  the  explanation  iust  given  doesn't  entirely  t'it  either 
first,  unless  the  rotational  states  are  far  from  Boltzmann  populated,  the 
band  should  broaden  with  increasing  altitude  (as  in  figure  2-91  rather  than 
narrowing.  Second,  the  5.1-pm  peaks  should  be  somewhat  larger,  relative  t o 
the  5.2-pm  peaks,  than  those  shown  in  figure  2 - S , especial!'  at  the  lower 
temperatures.  Third,  if  we  attribute  a substantial  fraction  of  the  emission 
near  5.4  pm  to  chemi luminescence  (£30  percent  at  130  km)  as  the  previous 
subsection  suggests  we  should,  then  the  measured  5.1-pm  peak  should  be  even 
greater,  relative  to  the  5.2-pm  peak,  than  shown  in  figure  2-9.  The  data  in 
figure  2-8  shows  that  this  is  not  the  case. 

Conclusions 


There  are  clearly  problems  involved  in  attempting  to  explain  the 
CYF  spectra  near  5.3  pm  based  either  on  a model  that  assumes  only  (1,0) 
band  radiation  from  \0  (the  atom- interchange  and  oarthshinc  scatter  mech- 
anisms) or  else  one  that  includes  a contribution  from  NO  chemi luminescence. 
Because  of  the  potential  importance  of  NO  emission  to  systems,  we  recommend 
that  this  situation  be  clarified  at  an  earlx  date.  Hopefully,  the  planned 
field-widened  Interferometer  experiment  will  provide  auroral  data  with 
sufficient  resolution  to  resolve  these  questions. 

SENSITIVITY  Or  NO  CHEMISTRY  ANO  CHEMILUMINESCENCE  TO  THE 
BRANCHING  RATIOS  FOR  FORMATION  OF  N(4S)  AND  N(2P) 

The  rate  of  formation  of  NO  and,  consequent  1 \ . the  NO  chemi lumin 
escent  intensity,  are  dependent  on  the  relat  ive  concent  rat  ions  of  N(  5) 
and  N(‘P)  atoms.  This  is  because  N(*S)  and  N("P)  react  with  0,  to 
form  NO  at  quite  different  rates  except  at  temperatures  above  about 


1500  to  JOOO  °K.  The  relative  concent  rat  ions  of  the  two  nitrogen  species 
depends,  in  turn,  on  the  branching  rat  ios  for  their  formation  by  several 
different  chemical  reactions.  Included  are  dissociative  recombination  in 

and  NO  , the  ion-atom  interchange  react  ion  between  N,  , and  0 to 

- . ‘ - 
form  NO  , and  prompt  formation  by  electron  bombardment.  Only  tor  NO 

recombination  has  laboratory  data  on  the  branching  ratio  been  obtained. 


■ 


lhe  purpose  of  the  work  reported  here  is  to  determine  the  sensi 
tivitv  of  the  NO  chemiluminescence,  and  NO  concent  rat  ion , to  variations 
(uncertainties)  in  the  various  branching  ratios  and,  if  necessary,  to  make 
recommendations  for  appropriate  laboratory  measurements. 

Calculations 

In  order  to  determine  the  degree  of  sensitivity  ot  the  NO  chem 
istrv  to  uncertainties  in  the  various  branching  ratios,  we  numerically  solved 
the  set  of  ” nonlinear  differential  equations  that  describe  t he  time  dependent 
species  concentrations  (N*N,  N“l>,  NO,  \,  , 0,  , NO  , 0 ) tor  the  following 
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nitrogen  atom  per  ion  pair  is  created  by  t ho  prompt  \ rays  (Reference  2-81 
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ambient  ionosphere  was  also  proviiloil  along  with  a background  ionization 
source  consistent  with  the  assumed  ambient  electron  ilensity. 

Some  calculations  were  ilonc  for  an  altitude  of  90  km,  but  most 
were  Jone  for  lit'  km.  The  initial  values  adopted  for  species  concent  rat  ions 
anil  the  ambient  electron  production  rate,  i\  n . are  shown  in  Table  2-2.  In 
Table  2 2 the  parameter  f is  the  initial  fractional  ionization  created  by 
prompt  energi  deposition.  Values  used  for  t,  the  t factional  ionization 
were  3.5  s 10  ''  at  90  km  and  2 s 10  ' at  lit'  km.  Tor  the  110  km  altitude, 
calculations  were  made  using  branching  ratio  combinat  ions  shown  in  Table  2 5. 
These  were  performed  for  temperatures  of  2oo,  500 , and  150(1  ''k,  a total  of 
"2  separate  calculations,  each  run  for  times  out  to  100  sec.  Tor  t lie  00  km 
altitude,  runs  were  made  using  si\  different  branching  ratio  combinations 
and  a temperature  of  181  "k.  Only  the  1 10  km  results  are  described  here 
since  they  span  the  range  of  variations  observed  at  both  altitudes. 
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lor  the  limited  eases  run,  the  results  can  be  summ.i  r i rod  .is  follows 
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of  eih'  .it  .'el'  'k  utd  .in  increase  in  the  chemi luminescence  b\  .1  factor  of  be 
.it  -if'  k . Similarly,  .1  change  in  f ^ In  .1  factor  of  d can  lead  to  cor 
responding  chanc.es  111  |\0|  and  111  the  chemi  luminescence  by  factors  of  5000 

and  100,  respec  t i \ e 1 \ . \ariation  of  f,  or  t' . results  in  considerabli 

J p 

less  chanc.e  in  either  |\0]  or  the  chemi  luminescence. 

b.  Of  the  cases  run,  the  largest  variation  in  the  chemi luminescence 

for  f,  set  equal  to  the  labor. itori  value  lO.JSl,  occurred  for  simultaneous 

variation  of  f,.  f . , and  f , . fho  results  are  shown  in  figures  d - 1 1 and 
1 o 1 

Id.  I rom  1 igure  d 11  we  see  that  at  100  sec  there  is  more  than  a b order 
of  magnitude  difference  in  the  chemi  luminescence  between  the  two  cases. 
Correspond inglv , from  figure  .'  Id  we  see  that  the  difference  in  |\0|  is 

nearli  d orders  ot'  magnitude  and,  in  (\(  Sl|.  it  is  over  5 orders  of 
magn  i t tide . 

Conclusions 

fhe  foregoing  results  show  that,  at  least  under  conditions  where 

the  fractional  ionization  is  reasonably  high  1^10  '"'[Op.  but  the  tempera 

ture  is  below  about  1500  0 k . relativel'  small  errors  in  the  assumed  branch 

I d a 

ing  ratios  for  production  of  \(  S')  and  \(  O')  hv  \,  recombin.it  ion. 


(Photons  cm  sec 


Time  (sec) 

Figure  2-11.  NO  chemiluminescence  (5.4  urn)  at  110  km  for  two  different 
combinations  of  N(^S)/M(^D)  branching  ratios  (T  = 500°K). 


Concentration  (cm 


Figure  2-12.  NO  and  N-atom  concentrations  at  110  km  for  two  different 
combinations  of  N(4s)/N(2D)  branching  ratios  (T=500°K). 


and  l-i  \ t ho  initial  photo-e  lee  t roti  bombardment,  can  load  to  preatlv  mac.n  i t i od 
error  in  t ho  calculated  NO  chemi  ltimi  nesceneo  at  3.1  and  3.7  |im  and  in  the 
NO  concentration.  Irrors  in  the  NO  concentration  in  turn  produce  addi- 
tional error  in  the  calculated  No  emission  (especially  the  fundamental 
band  near  3 . I pml  excited  bv  the  atom- interchange  reaction  O'  a NO  v0  'NO'. 
Although  wo  assumed  no  hydro  motion  or  temperature  variation  with  time  in 
our  simplified  calculations,  there  is  no  a priori  reason  to  expect  that 
inclusion  of  these  effects  would  lead  to  s i r.n  i f i cant  1 v different  conclusions. 


Comments  on  experimental  Determination  of  and  f« 

To  determine  f and  I'j  one  would  like,  ideally,  to  bombard  air 
in  a chamber  with  a verv  short  V ray  or  elect  r<>n  (kel  ) pulse  and  then  measure, 
as  functions  of  time,  the  absorption  of  N(  SI  and  N("IO  resonanee  line- 

O .1 

at  l.'OO  \ and  MP3  \,  respect  i ve  1 y . five  relative  concentrations  of  N(  S) 
and  N('P1,  as  functions  of  time,  would  thus  he  determined.  file  earl'  time 
results  [prior  to  onset  of  electron  ion  recorohinat  ionl  would  yield  t j-,  the 
1. iter  time  results  would  vield  1.. 

A met  hod  somewhat  analaijous  to  this  was  recently  used  by  Kiev,  et 

i 

a 1 . (Reference  91  to  measure  the  value  of  f,  involved  in  NO  re 
combination.  Tlicv  used  ,i  flash  lamp  to  ioni/e  NO  and  a resonance  lamp 
for  emission  of  the  l.’Od  A and  IIP.''  \ nitror.cn  lines.  However,  they  were 
not  laced  with  the  problem  of  makinr  measurement  s -it  verv  earlv  times  prior 
to  the  onset  of  recomhin.it  ion. 

IV  c have  estimated  the  time  scales  involved  for  the  measurement s 
If.  for  example,  we  assume  a characteristic  dimension  of  10  cm  for  the 
bombardment  volume,  and  ropnire  the  resonance  r.ulint ion  to  he  attenuated 
In  e ' across  it,  then  use  of  the  reported  resonance  absorption  cross 
..cction  of  N['s)  at  MOO  \ leads  to  a reipiiroment  that  |\(  31|~.  s.ox  10 
cm  at  .300  "k.  Ibis  re(|u  i renient  implies  a larpo  initial  electron  densitv 
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Contrary  to  some  of  our  earlier  conclusions  with  respect  to  auroral 
data,  the  issue  of  atom- interchange  versus  chemi luminescent  excitation  of 
Nil  fundamental  radiation  no  longer  seems  so  clear,  particularly  when  viewed 
in  light  of  the  data  from  rocket  U'519.07-18.  Since  this  is  an  important 
issue  to  resolve,  we  hereby  recommend  a measurement  program,  preferably  field 
and  laboratory,  with  sufficient  spectral  resolution  to  provide  unequivocal 
determination  of  the  emitting  species  and  hands.  If  successful,  the  planned 
field  widened  interferometer  experiment  should  he  of  great  benefit  in  this 
regard,  for  complete  verification  of  the  thermal  mechanisms,  however,  the 
field  experiment  should  also  include  an  independent  determination  of  the 
NO  and  0 concentrations,  perhaps  by  use  of  a cryogenic  neutral  mass 
spectrometer.  In  addition,  direct  laboratory  verification  of  the  atom 
interchange  mechanism,  both  with  respect  to  the  rate  coefficient  and  the 
spectral  distribution  of  emitted  radiation  at  various  temperatures,  is 
needed . 

With  respect  to  NO  chemi luminescence  near  2.8  pm,  theoretical 

•» 

calculations,  that  incorporate  the  recent  OOi'lllSl  data  on  the  N("IM  +0, 
reaction,  give  values  for  the  auroral  emission  that  are  lower  than  the  air 
craft  and  rocket  data  by  factors  of  at  least  2 to  3.  furthermore,  certain 
nuclear  data  appear  to  be  inconsistent  with  the  conventional  NO  mechanism. 
Therefore,  unless  the  1978  PNA  Af'01.  auroral  rocket  program  is  able  to 
definitely  confirm  the  emitting  specie(sl  and  excitation  mechanisms  in 
volved,  we  recommend  additional  field  programs  be  undertaken  to  resolve 
the  apparent  discrepancy. 

Next,  because  of  the  sensitivity  of  NO  chemistry  and  resulting 
emissions  to  uncertainties  in  branching  ratios  for  production  of  N ( S') 
and  NO>)  atoms,  we  recommend  laboratory  measurements  to  determine  certain 
quantities  and  fj.  Here,  fj  is  defined  by  the  reaction 

X*  * e ► f N(  ’s)  *■  (2-fjlNfl))  , 
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and  t'  | is  the  traction  of  nitrogen  atoms  produced  in  t tie  S state 
immediately  following  energy  deposition  lyv  \ rays  or  fast  electrons.  The 
remaining  fraction,  (1  f 1,  is  usually  assumed  t o be  in  the  “I'  state 
although  some  atoms  will  certainly  be  left  in  the  “P  state  as  well.  The 
fraction  in  "P  is  of  interest,  although  with  somewhat  lower  priority. 

Quenching  of  the  NO  radiation  becomes  an  important  cons i derat  i on 
at  altitudes  below  about  lit'  Km.  Pat  a on  the  quenching  of  NO(v  11  exist, 
but  little  exist  for  NO(vM).  However,  our  studies  above  show  that  the 
chemiluminescent  emission  rate  is  not  particularly  sensitive  to  the  variation 
of  the  quenching  rate  with  vibrational  state  v,  at  least  for  rates  that 
vary  no  more  strongly  than  linear  with  v.  Of  course  it  would  be  worth 
verifving  experimental Iv  what  the  variation  with  v actually  is,  but  we 
presently  assign  a lower  priority  to  this  task. 

In  summary,  we  recommend  the  following  measurement  program,  with 
the  assigned  relative  priorities: 

I.  \uroral  field  measurements  in  the  5.0  (>.5  pm  and  '.(> 

a..’  pm  regions  with  sufficient  spectral  resolution  (£5  cm  *1 
to  unambiguously  identify  the  radiating  species.  (Priority  11 

. laboratory  determination  of  the  branching  ratios  for  produc 
t i i>ii  of  N t 'si  and  N(‘l'l  atoms  (al  by  dissociative  re 
combination  in  \,  and,  (bl  immediately  following  energy 
deposition  bv  \ ravs  and  ('  particles.  (Priority  21 

a.  Concurrent  with  1,  a measurement  of  the  NO  and  0 conceit 
t rat  ions  in  the  aurora.  (Priority  al 

I.  laboratory  confirmation  of  the  rate  constant  for  the  reaction 
0 * NO'  ‘O'  »NO(vsO)  with  spectral  observation  of  the  resulting 
emission  over  a wide  temperature  range.  (Priority  al 

5.  laboratory  determination  of  the  quenching  rates  of  NO(vMl 
by  0,  and  0.  (Priority  11 
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SECTION  3 

OTHER  EMISSIONS  IN  2.6-  TO  2.9-vim  REGION 


\ 

i 

In  addition  to  NO,  other  atmospheric  molecules  that  can  radiate  in 
the  wavelength  region  from  about  J.b  to  d.O  pm  include  CO,,  11,0,  Oil,  110,, 

11.0. ,  UNO,,  and  UNO..  We  have  reviewed  t lie  potential  significance  of  these 
species  in  a nuclear  environment  and  discuss  the  conclusions  in  this  section 

Except  for  CO,,  and  for  Jl, 0 at  low  altitudes,  these  species  are 
all  very  minor  constituents  of  the  ambient  atmosphere.  However,  their 
potential  importance  in  a nuclear  environment  lies  in  the  possibility  of 
their  chemi luminescent  formation  (or  v ibra luminescent  excitation  in  t lie 
case  of  00,1  by  the  multitude  of  reactions  that  occur  as  the  disturbed  air 
returns  to  chemical  equilibrium.  With  the  exception  of  i'll,  the  species 
listed  are  all  polvatomics  which  are  usual Iv  important  onl\  at  and  below  the 
I'  region  where  3-bodv  reactions,  or  2-bodv  ones  involving  other  polvatomics, 
are  effective  in  their  formation.  Thus,  although  a low  altitude  favors  the 
formation  of  these  species,  it  also  acts  to  depress  the  radiation  I rom  them 
because  of  collision.il  quenching. 

We  have  used  results  of  I'  region  chemist rv  benchmark  ca Iculat ions , 
performed  with  the  code  IHTIIM,  to  estimate  the  relative  format  ion  rates  of 
the  species.  (GO,  is  in  a v.itegorv  by  itself  because  its  excitation  b\ 
vibrational  transfer  from  \,  general lv  dominates  that  b\  chemi luminescent 
formation  of  the  species. 1 The  results  show  that  the  formation  rate  of 

11. 0. ,  UNO,,  and  UNO.  are  lower  than  those  for  Oil  and  110,.  Since  the  bands 

J J 2 a 

for  all  five  species  occur  at  about  the  same  wavelength,  we  conclude  that 

11.0. ,  UNO,,  and  UNO,  are  relativelv  unimportant  in  this  wavelength  region. 


As  for  11,0,  the  dominant  formation  mechanisms  involve  reactions  with  complex 
hydrated  water  ions  in  which  little  exchange  of  energy  occurs,  Enhancement s 
of  the  vibrational  excitation  of  11,0  should,  therefore,  he  minimal.  Tor 
these  reasons  we  dismiss  from  further  consideration  all  species  except  00,, 
Oil,  and  110,. 


Role  In  Nuclear  Environment 

\ number  of  intercomhinat ion  hands  of  00,  can  contribute  to  radia- 
tion near  2.7  pm.  The  hand  strengths  are  probably  known  with  sufficient 
accuracy  so  that  the  thermal  emission  from  locally  heated  regions,  especiallv 
those  at  lower  altitudes  where  collision  limiting  is  not  important,  can  be 
calculated  fairly  well.  At  higher  altitudes,  above  about  "0  km  or  so  where 
\ rays  from  a high-altitude  burst  are  deposited  over  large  areas,  there  is 
the  possibility  of  vibraluminescence  persisting  for  long  periods  of  time. 

This  phenomenon  is  potentially  important  because  it  max-  degrade  the  per 
formanee  of  systems  operating  near  2.r  pm.  Questions  relating  to  the  un- 
certainties involved  in  a determination  of  this  emission  will  now  be 
d i scussed . 

Uncertainties 

figure  3-1  (from  Reference  3-1)  is  a partial  vibrational  level 
diagram  of  l'0,  showing  the  origin  of  some  of  the  intercomhinat ion  band- 
near  2.~  pm.  \lso  shown  in  figure  3-1  is  the  relative  position  of  the 
first  few  vibrational  states  of  \,.  Ihe  close  energy  resonance  between 
the  001  state  of  CO,  and  the  v 1 state  of  \,  is  responsible  for  the 
efficient  conversion  of  N,  vibrational  energy  into  CO,  radiation  near 
1.3  urn.  However,  excitation  of  the  intercomhinat ion  states  that  lie 


Figure  3-1.  C02  - N^' vibrational  energy  transfer  and  2.7-pm  emission  bands. 

above  the  001  state  can,  presumably,  come  about  either  by  transfer  reactions 
such  as 

N,m  + 00,11001  + n,(oi  ♦co, (ion  i.vn 

or,  perhaps,  by 

N , l v 1 +C0,(0001  ->  N , ( 01  + CO  , (OOvl  (3-21 

where  the  energy  in  CO, (OOvl  is  partiallv  redistributed,  by  collisions, 
among  t lie  other  vibrational  modes.  For  v N 1 , Reaction  3-2  requires  a 
multi  quantum  jump  in  both  X,  and  CO,  which,  on  theoretical  grounds, 
should  become  increasingly  less  favored  as  Av  increases  beyond  unity. 

But  details  such  as  the  rate  of  excitation  by  Reactions  like  3-1  and  3 - 2 , 
and  vibrational  redistribution  and  quenching  are  bv  no  means  well  known. 

In  fact,  we  are  presently  not  in  a good  position  to  calculate  the  CO , 
v i bralumi nescence  at  2."'  pm.  The  conventional  wisdom  i s that  the  emission 


I 


It 

■i 
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should  bo  relatively  small  (at  least  compared  with  that  at  4.3  pm')  because 
the  branching  ratios  are  believed  to  be  such  that  transitions  that  emit  at 
4.3  pm  are  favored  over  those  that  emit  at  2.7  pm  by  a factor  of  about  24 
(Reference  3-2)-  For  example,  the  states  101  and  021,  shown  in  Figure  3-1, 
can  decay  by  transitions  to  states  100  and  020,  respectively,  with  emission 
near  4.3  pm,  as  well  as  by  radiation  to  the  ground  state  000  (in  the  so- 
called  "summation  bands")  shown  in  Figure  3-1.  The  Lockheed  experiments 
(Reference  3-3)  have  not  yet  succeeded  in  confirming  the  assumed  branching 
ratios  for  the  101  and  021  states,  but  it  is  hoped  that  the  presently 
planned  series  of  experiments  involving  laser  excitation  (Reference  3-4) 
will  provide  us  with  the  required  data  for  those  states.  liven  so,  there  is 
still  the  question  of  branching  ratios  for  the  higher  intercombination 
states  that  give  rise  to  the  so-called  "difference  bands",  some  of  which 
are  shown  in  Figure  3-1. 

The  potential  importance  of  the  CO,  difference  bands,  indeed  of 
CO,  vibraluminescence  at  2.7  pm  in  general,  can  be  traced  to  experiments  by 
Oettinger  and  Horn  (Reference  3-1)  in  which  the  absolute  intensity  and 
spectral  distribution  of  2.7-prn  radiation  emitted  from  CO  , after  excitation 
by  vibiational  transfer  from  N,,  were  measured.  The  apparatus  involved  a 
flow  tube  wherein  ground-state  CO.,  and  vibrational ly  excited  N,  (excitation 
by  an  S-band  generator)  streams  interacted  to  produce  the  CO,  emission  that 
was  spectrally  investigated  at  selected  downstream  positions.  The  results, 
compared  with  analytically  derived  counterparts  for  the  summation  bands, 
show  that  for  an  N,  vibrational  temperature  of  19006K,  the  difference  bands 
at  2.7  pm  contribute  about  2.5  times  as  much  as  do  the  summation  bands. 

The  information  supplied  in  Reference  3-1  includes,  besides  the 
spectral  intensity,  the  N,  vibrational  temperature,  the  N,  pressure  and  the 
CO,  partial  pressure.  From  these  data  we  have  attempted  to  make  a crude 
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estimate  of  the  possible  importance  of  CIO,  vibraluminescence  . 
relative  to  that  at  4.3  pm.  In  the  following  we  make  no  reference  to 
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where  \,  _ and  \,  , are  finstein  coefficients  for  the  2."  and  4.3-pm 

l.o  . . 

emissions,  respect  i ve  1 v . If  k *,  V and  k 'V  are  the  corresponding  colli  - 
sional  quenching  rate  constants  then,  in  stead'  state,  the  volume  emission 
rates  at  2."  pm  and  1.5  pm  are  given  In 


\,  ,k,  -|C0,1|\^1 


I'O 


13-05 


2."  pm  ^ + k -I  - |M] 


^.3k4.3[C02ltN2  1 
1.0  pm  A s*k$lMl 


(on 


If  Ac’  is  the  path  length  across  the  interacting  00,  N,  streams,  then 
the  2.  "'-pm  intensity  is 

' i . PI 

1 -5.8  o 10  s',  - AC  (watts  cm  “ stei'  1.  (0-51 

2."  pm  -•  pm 


It"  liquation  3-5  is  equated  to  the  measured  intensity,  we  can 
then  solve  for  the  unknown  excitation  rate  constant,  k,  provided  values 
for  the  other  parameters  are  supplied.  The  greatest  nncert a it'  here  is 
the  effective  quenching  rate  constant  k',‘L.  fo  be  specific,  we  will 
assume  that  we  can  use  the  quenching  rate  measured  b\  lin.i  and  Moore 
(Reference  3-51  for  the  101  and  021  states,  which  gives  us 

k*l,l  - 1.3  ' 10  lV\l  • ( 3-('l 


*1 
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Values  for  the  liinstein  coefficients  A,  _ and  A,  , are  about  15  sec 

.1  :-7  4-3 
and  400  sec  , respectively  (Reference  5-64.  For  the  particular  experimental 


arrangement  where  the  total  pressure  p = 1.1  Torr,  /P  = 0.045,  and  the 


nitrogen  vibrational  temperature  T = 1720°K,  we  find  [N,]  =2.0x10  cm 
[CO,]  = 1.2  x io15  cm  and  [N^  ] =4.1  x 10^  cm  \ If  we  integrate  in  wave 


length  over  the  observed  spectral  intensity  for  this  case  we  find 


1. 


-5 


pm 


(measured)  1,5  4.5  *10  ' (watts  cm  “ ster  ) . (5-74 


liquating  equations  5-5  and  5-7,  and  using  values  for  the  parameters  quoted 
above,  along  with  A£ » 2 cm,  we  find 


k,  . ~ 8 x io  ' “ (cm''  sec  *4 


(5-84 


This  is  certainly  a large  rate  constant  for  excitation  of  2. --vim  vibra- 
luminescence.  In  fact,  it  is  about  one  order  of  magnitude  larger  than  that 
for  vibraluminescent  excitation  of  4.26  pm  by  the  N,(14  CO,  (001 4 process. 
Of  course,  if  we  have  overestimated  the  quenching,  using  liquation  5-6,  then 
we  have  overestimated  k,  _ by  a corresponding  factor. 


Nevertheless,  if  we  do  use  the  result  5-8,  what  is  the  implication 
for  the  aurora  at  altitudes  above  about  05  km  where  we  can  ignore  the  quench- 
ing? From  liquations  5-5  and  5-4  we  find,  taking  k.  . =(o  10  , 


. \.  . k.  . 

I . a urn  1 . a I . a 

i A,  , k,  , -■ 


(5-04 


Vim 


This  implies  that  for  every  two  photons  produced  at  4.5  vim  there  is  one 
produced  at  2."  vim.  This  is  clearly  too  large  an  auroral  emission  rate  at 
2.-  um  even  if  we  attribute  all  the  observed  2.7-um  auroral  emission  to  CO , 
instead  of  to  NO.  For  example,  for  rocket  MO. 205-2,  the  observed  4.5  to 
2.”  ratio  varied  from  about  15  at  95-km  altitude  to  S at  100  km  and  2 at 
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IU'  km.  lurt  hermore , the  i'VF  .uiror.il  data  peak  .it  .1  h.ivrlrtij;!  h ot  about 
J.Si'  vim  (in  reasonable  agreement  ivitli  NO  overtone  chomi  lumi  nose  once  1 whereas 
t ho  i*0,  v ibra luminescence , reported  in  Reference  d 1.  peaks  .it  about  .’ . 0 Vim. 
It  i--.  therefore,  unlikolx  that  00 , i *-  the  principal  contributor  near  ' um 

in  the  aurora. 

1'he  main  purpose  ot  the  forego i ng  exorcise,  however,  is  to  point 
out  tliat  in  our  present  state  of  ignorance  concerning  vibraluminesoent 
excitation  of  TO,  radiation  near  ' vim.  arguments  can  be  made  to  support 
emission  rates  that  are  not  insignificant  compare.!  to  those  at  l.d  um. 

Recommendations 

It  would  appear  that  there  is  a definite  need  for  more  laboratorx 
measurements,  perhaps  alone,  the  lines  of  those  by  Oct  tinker  and  Horn,  to 
determine  the  excitation  and  quenching  rates  necessarv  to  clarifx  the  role 
of  i*0 , \ i braliiniinescence  near  ~ um  so  that  . it  signit  leant  . it  can  be 
mode l ed  for  use  in  codes  such  as  UOSiOl  . Spec  it  icallx  . we  recommend  a 
laboratorx  program  designed  to  determine: 

l.  the  i*0,  spectral  intensitx  near  van.  compared  with  that 
at  I..*'  um.  as  a function  of  N,  vibrational  temperature.  It 
is  essential  that  the  experiments  be  performed  over  a suf 
ficientlx  broad  pressure  range  to  establish  the  effective 
quenching  rate  constants.  (Priori tx  1' 

it'  possible,  the  iibration.il  transfer  rates  from  \,(vNU 
t o i*0 , . i Prior  it'  -1 . 

d.  branching  ratios  between  l.d  and  2 um  for  the  higher  states 
of  v'O,  that  give  rise  to  the  difference  bands  near  ' um. 

( P r i o r 1 1 ' 2 1 . 

Tasks  and  d should  be  done  onl'  it'  Task  1 shows  that  the  .' . um 
emission  is  significant  under  conditions  of  small  or  .ero  quenching. 
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Role  In  Nuclear  Environment 

OH,  with  its  fundamental  band  near  2.8  urn,  is  a very  minor  con- 
stituent of  the  ambient  atmosphere.  Consequent ly , thermal  radiation  from 
the  species  is  not  ver>  significant.  However,  chemi luminescent  excitation 
of  OH,  presumably  through  the  reactions 


11+0,  - 0H(v  a.  91  +0, 


(3- 101 


0 + HO , + Olllv  sM  + 0 , 


(3-  1 1 1 


is  responsible  for  one  of  the  most  intense  airglow  emissions  at  altitudes 
between  about  SO  and  90  km  isee,  for  example.  Reference  3-71.  Direct  en- 
hancement of  Oil  emission  in  auroras,  however,  is  not  observed  (Reference  3-81. 

In  a nuclear  environment,  as  in  the  ambient  atmosphere,  OH  chemi- 
luminescence should  be  insignificant  above  100  km  where  the  concentrations 
of  the  polyatomic  reactants  0 and  HO,  are  small.  Similarly,  widespread 
enhancement  in  the  concent  rat  ions  of  the  atomic  oxygen  and  hydrogen  reactants, 
bv  \ ra\  absorption  from  high  altitude  bursts,  would  not  be  expected  much 
below  about  IS  km.  There  is,  therefore,  a limited  altitude  region,  extending 
from  perhaps  IS  to  90  km,  in  which  an  increase  in  the  concent  rat i ons  of  the 
reactants  in  Reactions  3-10  and  3-11  might  occur  to  enhance  the  OH  emission 
in  a nuclear  environment.  However,  with  a quenching  rate  constant  of  5 x 10  ' 1 
cm"'  '-ec  , inferred  from  airglow  data  (Reference  3-91,  and  an  Einstein  co- 
efficient for  the  fundamental  band  of  34  sec  collisional  quenching  sets 
in  at  altitudes  below  about  ~S  km  thereby  limiting  the  emission  rate  from 
the  lower  altitudes. 


We  have  used  the  output  from  coupled  hvdro/cher i st ry -code  calcu- 
lations iMU'l  l ROIIl'Il  to  infer  the  expected  behavior  of  OH  chemiluminescence 
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for  two  nuclear  events:  (il  kingfish,  and  (iil  a high-yield  burst  at  200-km 
altitude.  The  results  show  that  for  altitudes  below  about  70  km  the  ozone 
concentration  is  enhanced  over  ambient  values,  but  above  "'0  km  it  is  decreased 
mainly  because  of  destruction  by  reaction  with  atomic  nitrogen.  Tor  both 
events  we  find  that  the  Oil  intensity,  arising  from  ll+O.  chemiluminescence, 
is  depressed  below  pre-burst  values  because  the  negative  contribution  from 
altitudes  above  "0  km  more  than  outweighs  the  positive  contribution  from  the 
lower  altitudes.  This  is  true  for  both  vertical  and  horizontal  viewing 
d i rect i ons . 


Unfortunately , the  MICH/IRCHTM  calculations  did  not  include  the 
species  HO,  and  so  no  estimates  are  available  for  the  effect  of  Reaction  511 
in  these  cases.  However,  chemistr>  benchmark  calculations,  using  the  HCHTM 
code,  do  show  an  increase  in  the  0 and  HO,  concentrations  for  at  least  tens 
of  seconds  after  a burst  although,  for  most  altitudes  and  times,  the  forma- 
tion rate  of  OH  by  Reaction  5-10  dominates  that  by  Reaction  5-11.  It  seems 
unlikely,  therefore,  that  in  a nuclear  environment  the  enhanced  contribution 
to  OH  chemi luminescence  from  Reaction  3-11  is  generally  sufficient  to  offset 
the  negative  contribution  from  Reaction  5-10.  Rased  upon  the  limited  cases 
studied,  wo  conclude  that  the  OH  intensity  in  a nuclear  environment  is 
general 1>  suppressed  below  ambient  values. 

Uncertainties 

Considerable  work  has  been  done  in  the  laboratory  (Reference  5-101, 
in  the  field  (References  5--,  3-11,  3-121,  and  through  theoretical  analvses 
(Reference  3-01  to  account  for  the  airglow  data,  mainly  by  Reaction  5-10. 
less  is  known  about  Oil  excitation  through  Reaction  3 11.  In  particular, 
uncertainties  exist  with  respect  to: 

1.  the  rate  constant  for  Reaction  3-11 

2.  the  initial  vibrational  distribution  of  OH  following 
Reaction  5-11 

5.  the  quenching  of  OII(vl. 
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Recommendations 


Before  recommending  any  laboratory  program  to  reduce  the  above- 
listed  uncertainties,  we  feel  that  more  code  calculations  should  be  done  to 
definitely  confirm  our  tentative  conclusion  that  till  radiance  is  suppressed 
in  a nuclear  environment.  To  properly  assess  the  relative  importance  of 
Oil  emission,  such  calculations  should  take  due  account  of  the  NO  overtone 
radiation  excited  by  the  atom- interchange  reaction  (see  Section  21  and  by 
chemi lumi nescence . 


Role  In  Nuclear  Environment 

110,  is  also  a verv  minor  species  in  the  ambient  atmosphere,  like 
Oil.  its  potential  importance  in  a nuclear  environment  derives  from  the 
possibilitv  of  enhanced  emission  from  its  fundamental  band  (near  2.9  uml 

in  chemi luminescent  formation  by  reactions  including,  particularly. 

Oil  * 0.  - HO,  * 0,  + 1 .op  o\  (3-121 


* 0,  + M • 110,  * M * 2.04  e\ 


(3-131 


To  our  knowledge,  no  direct  observations  of  110,  chemi luminescence  have  boon 
made.  The  possible  importance  of  the  species  as  an  1R  emitter  is  purely 
conjectural,  based  on  format  ion  rates  calculated  b>  0 region  chemist  r>  codes, 
especially  IX'ill'M,  run  under  nuclear  burst  simulation  conditions. 


We  have  studied  the  results  of  IX'ill'M  runs,  as  well  as  those  from 
some  code  calculations  performed  for  the  natural  i'll  airglow  (Reference  3-91. 
Pertinent  comments,  as  the'  pertain  to  the  role  of  110,  in  a nuclear  environ- 
ment, are  as  follows,  lirst,  for  comparing  the  formation  rates  of  Oil  and 
HO,  by  Reactions  3-10  and  3 12,  respectively,  we  note  that  |0II]  exceeds 
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of  Oil  In  React  ion  5 10.  third,  under  nuclear  Inirst  conditions,  |0II|  builds 
up  for  some  tens  ol  seconds  at  alt  itiulos  below  about  0 km  as  does  also 
J 0 . | provided  t bo  initial  fraotional  ionization  is  suffi  o i out  l v hiy.h. 
fourth,  as  il  i sous  soil  abovo,  |l',|  is  r.onora  l 1 v depressed  bo  low  ambiont 
valttos  abovo  about  70  km.  The  ovorall  rosult  is  that  t bo  IIO,  t'ormat  ion 
rato  bv  Reaction  7>  1.'.  anil  bonoo  also  t bo  HO,  oltomi  lumitiosoonoo . is  ottltanooil 
bo  low  ”0  km.  In  certain  timo  altitude  regimes,  tho  tormation  rato  ol  lit', 
oven  exceeds  that  of  Oil.  However,  because  of  the  rapid  doeav  of  |0II| 
with  i nc  roas  i tu;  alt  itudo  abovo  70  km,  there  will  not  bo  a larije  oontribnt  ion 
to  HO,  omission  at  the  higher  altitudes  as  there  is  lor  OH  omission.  Since 
the  Hi'IIIM  results  show  that  the  formation  rate  of  IIO,,  even  at  the  lower 
altitudes,  is  not  s i i;n  i f i cant  1 v creator  than  that  for  Oil,  wo  would  expect 
(bat  the  lit',  intensity  alone,  any  sit’.hl  path,  which  ol  necessity  includes 
eontribut  ions  from  hiph  alt  it  tides,  would  be  less  than  that  tor  Oil. 

These  semi  qualitative  arguments  lead  one  to  the  conclusion  that 
the  intensity  of  lit',  chemi  luminescence  is  probably  on  the  same  order  as,  or 
smaller  than,  that  of  Oil  chemi 1 umi nescence  which,  as  we  have  seen  above, 
appears  to  bo  depressed  below  normal  airqlow  levels  in  a nuclear  ouv i t ottmeut  . 
V.  to  the  wave  I enqt  It  positions  of  the  two  emissions,  we  know  that  the  wave 
leupth  of  the  (lot'  000)  band  of  III',  lies  about  t'.l  pm  to  the  red  side  of 
the  (1,0)  band  of  Oil.  However,  the  react  ions  forming  ('ll  are  more  exothermic 
than  those  forming  lit',  and  so  the  i'll  should  be  populated  to  hi  r.lier  vibra 
t tonal  states  than  the  III',.  I'hus,  the  peak  in  the  chemi  luminescent  spectrum 
of  i'll  would  be  shifted  more  to  the  red  side  of  its  (1,0)  band  than  would  he 
the  case  for  fl<>,  with  t ho  result  that  the  two  spectral  distributions  should 
la  rye  I v overlap. 


Uncertainties 


Apart  from  some  uncertainty  in  the  rate  coefficients  for  React  ion- 
A 12  and  A 1A.  the  major  uncertainties  associated  with  modeling  the  111', 


emission  in  a nuclear  environment  are 


1.  the  vibrational  distribution  of  110,  following  its  format  ion 


bv  Reactions  A 12  and  A 1A 


the  quenching  rates  for  110, (v, 00) 


the  band  strength  for  the  \> ^ fundamental  which  is  needed 


for  a good  description  of  the  quenching  factor. 


Recommendations 


No  experiments  on  lit),  are  recommended  at  this  time.  However,  more 
code  calculations  should  probable  be  done  to  verif\  the  tentative  conclusions 
reached  above  and  to  determine  the  magnitude  of  the  intensity  along  tangent 
and  :.enith  paths  for  the  case  of  at  least  one  high  yield,  high  altitude  burst 
Such  a calculation  should  include,  for  comparison,  the  i'll  anil  NO  contribu 
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near  4.3  vim.  The  basic  theory  of  CO,  vi  bra  luminescence  near  4.3  pm  is  suh- 
stantiated  by  the  ICT.C.M’  auroral  measurements,  which  in  turn  have  served  to 
refine  the  theory.  The  recent  SPIRT  (spectral  infrared  experiment)  experi 
ment  in  Alaska  obtained  useful  data  for  the  purpose  of  confirming  the  flue 
rescence  mechanism.  Much  of  t he  theoretical  and  laboratory  work  on  CO,,  which 
is  still  ongoing,  lias  been  done  by  burner  and  dames  (see,  for  example.  References 
3-J,  3-3,  and  4-1  to4-3)  who  have  also  emphasized  the  areas  where  more  measure 
ments  are  required  to  improve  the  accuracy  of  our  prediction  capability.  Since 
these  requirements  are  well  known- to  DNA,  it  seems  redundant  to  repeat  them 
here  other  than  to  add,  perhaps,  the  need  for  measurements  of  the  CO,  mixing 
ratio  above  100  km.  Tor  this  reason  we  pass  on  to  a consideration  of  the 
other  species. 

CO 

Role  In  Nuclear  Environment 

Carbon  monoxide,  with  its  fundamental  band  near  4.7  pm,  is  a very 
minor  constituent  of  the  ambient  atmosphere  with  a measured  mixing  ratio  up 
to  SO  km  of  about  1 * 10  , which  is  less  than  1/3000  that  of  CO,.  It  has 
potential  importance  in  a nuclear  environment  onlv  because  it  can  be  formed 
by  dissociation  of  CO,  in  low-  and  intermediate-altitude  fireballs  and  then 
carried  aloft  in  the  subsequent  fireball  rise,  because  of  its  high  disso- 
ciation energy,  and  non-reactive  character,  the  species  should  have  a long 
life  at  the  higher  altitudes  where  it  can  presumably  be  excited  by  resonant 
scatter  of  solar  and  or  earthshine  photons. 


Oetailed  fireball  calculations,  performed  for  chemistry  benchmark 
purposes  (using  the  TIRTOIITM  code  at  MRC),  have  shown  that,  although  the 
CO  content  of  low  altitude  fireballs  ntav  exceed  that  of  CO,  by  several 
orders  of  magnitude  for  a few  seconds,  the  CO,  concent  rat i on  generally  builds 
up  again,  partly  by  entrainment  of  ambient  CO,  and  partly  at  the  expense  of 
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t ho  CO,  so  that  In  the  time  the  fireball  has  risen  a few  scale  heights,  the 
ill,  is  again  dominant.  this  fact  won  hi  appear  to  rule  out  long  term  exci 
tation  of  the  I'll  hy  vibrational  transfer  from  M,  which  will  t end  to  excite 
t he  more  alunwlant  f.O,.  \n  exception  to  this  rule  max'  occur  for  high  yield 
hursts,  such  as  leak,  detonated  above  t>0  km  or  so,  for  which  little  or  no 
entrainment  is  believed  to  occur  and  not  much  reformat  ion  ol  the  1.0,  is 
expect ed . 


In  sumraarv,  it  appears  that  an  appreciable  amount  of  (10  mac  be 
formed  in  low  and  intermediate  altitude  tireballs  and  lotted  to  altitudes 
of  !()()  km  or  more  where  it  will  have  a long  1 i t e against  chemical  destruction 
although  its  concent  rat  ion  will  be  diluted  bx  diffusion  and  other  transport 
processes.  The  dominant  excitation  mechanism,  when  thermal  collisions  are 
no  longer  important  , is  likeli  to  be  earthshine  scatter. 

Pncertaint ies 

the  impact  on  systems  operating  in  this  spectral  region  will  depend 
on  the  details  of  the  nuclear  bursts  and  the  HO  concentrations  present, 
iliven  the  concent  rat  ions , however,  prediction  ot  the  infrared  intensity  t rom 
i'll  should  not  entail  much  uncertainty  since  the  band  strength  is  well  known. 
Ihe  greatest  uncertaintx  lies  in  the  determination  of  species  concent  rat  ions 
which  depends  on  fireball  phenomenology . Intrainment  and  mixing  of  ambient 
air  are  quite  crucial  in  this  determination,  but  these  phenomenon  are  only 
poorly  understood. 

Re  c oilmen  da  t ions 

tie  do  not  recommend  am  optical  or  other  measurements  relative  to 
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The  N N ' molecule,  existing  in  the  atmosphere  with  a relative 

abundance  of  0.72  percent,  is  expected,  on  theoretical  grounds,  to  radiate 

in  its  fundamental  vibration-rotation  hand  at  4. So  pin.  \s  reported  b\ 

Carstang  (Reference  4-41,  Rates  and  foots  (Reference  4-51,  utilizing  a 

formulation  of  Wu  (Reference  4-61,  calculated  a value  for  the  1 instein 

transition  probability,  \ .,  for  t tie  fundamental  band  of  the  ion  (N**\'''l* 

- 1 - 1 

of  2s  io  “ sec  . This  value  has  been  assumed  in  the  Russian  literature 
(Reference  4-71  to  apply,  approximately,  to  the  netural  species  also,  for 
purposes  of  determining  the  possible  importance  of  the  species  in  a nuclear 
environment,  wo  too  shall  adopt  that  value,  although  clearly,  until  measure- 
ments are  made,  it  must  he  assumed  to  he  only  an  ordor-of-magn i tude  estimate. 

Role  In  Nuclear  Environment 


\s  Kennealy  (Reference  4-81  has  pointed  out,  use  of  the  above  value 

for  leads  to  a volume  emission  rate  at  4.56  pm,  from  that  should 

dominate  that  at  4.26  pm,  from  CO,  vibraluminescence,  in  t lie  altitude  region 

14  15 

above  about  lit'  km.  This  is  because  the  N N ' emission  rate  is  proportional 

to  |N,(v=ll|  whereas  the  CO,  vibraluminescence  involves  |CO,|  as  an  add i 

tional  factor  which,  other  things  being  equal,  causes  it  to  decrease  faster 

14  15 

with  increasing  altitude  than  the  N N ' emission  rate.  lhe  main  question, 
however,  is  whether  or  not  the  emission  intensity  at  these  altitudes  is  sig- 
nificant enough  to  worry  about.  We  have  addressed  this  question  by  ealeu 
luting  the  expected  zenith  intensity  for  the  case  of  a high  yield  burst  at 
200-km  altitude  using  the  species  concentrations  and  the  nitrogen  vibrational 
temperature  output  by  the  Mill'  code  MICE.  Our  results  give  the  thermal 
emission  from  the  (1,01  band  of  at  4.36  pm  and  also,  for  comparison, 

the  vibraluminescence  from  the  1.26-pm  band  of  CO,. 
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For  emission  from  N N ‘ we  have  used  the  relations 


$ = 6Aj^[n'^N^  (1)  ] (photons  cm  sec  *1 

4 . 3(>  vim 

= <*6A10[N2(ni 

-3291/TV.  -3291/TV 
= aSA1()[N ,)  (1-e  Me  x 


(4-n 


Here,  a is  the  relative  abundance  of  N N '’(7.2  MO  *'l  , T is  the  nitrogen 
vibrational  temperature,  and  5 is  the  collision  limiting  factor  that  allows 
for  the  fact  that  at  the  higher  altitudes  thermal  equilibrium  among  vibra- 
tional states  does  not  prevail  because  collisional  excitation  cannot  compete 
with  deexcitation  by  radiation.  For  6 we  have  adopted  the  expression 
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where  the  collisional  deexcitation  rate,  v|(),  of  N N ' (11  is  assumed  to 
be  controlled  by  V-V  exchange  with  N,  and  by  V-T  collisions  with  atomic 
oxygen.  Values  for  were  calculated  using  the  equation 
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\|(1  is  assumed  equal  to  0.02. 


For  temperatures  above  about  1000°K,  collisional  excitation  ot 
NnNL  to  vibrational  states  higher  than  v = 1 will  begin  to  occur  so  that 
contributions  from  bands  (2,11,  (3,21,  etc.,  should  also  be  included, 
liquation  4-1  can  be  corrected  for  this  by  multiplying  by  the  factor 
1 1 -e"''*"'* 1 1 M . \t  5000°  K this  factor  is  4.3:  at  10,000°K  it  is  12.  M 


for  CO,  v i bra  lumi  nosconce  above  100  km  altitude,  it  is  sufficient 
to  adopt  the  simple  relation 
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Ihe  results  v't‘  the  calculations  are  shown  in  I inures  11  through 
1 a.  Iliex  include  post  iletonat  ion  times  from  00  to  oOO  sec  and  'enith 
intensities  at  J00  and  100  km  range  from  ground  ;ero.  figures  1 ; through 
1 1 show  the  ’enith  intensitx  profiles  alone,  the  two  vertical  paths  at 
selected  times  after  burst.  In  these  figures,  the  intensities  are  given 
in  megarax leighs  (101  photons  cm  “ sec  I'liey  can  be  converted  to  units 

'1  o 

of  watts  cm  * st er  b\  mult  iplx  mg  b\  MO  . I igure  l-.r>  presents  the 
results  m ,i  different  form;  narnelx , the  intensities  as  functions  of  time  at 
three  different  altitudes. 


Idle  detailed  behax ior  of  some  of  the  curves  shown  in  these  figures 
max  seem  peculiar  but.  basicallv,  it  stems  from  the  hydro  motion  of  the  region 
that  transports  air  of  varxing  temperatures  across  the  two  chosen  vertical 
sight  paths.  In  am  event,  the  results  do  show  that  the  enith  intensitx 
from  \'  dominates  that  from  00,  hx  factors  of  roughlx  t • at  1 .10  k 

altitude,  JO  at  lot'  km,  uni  Ml  at  J00  km.  \s  to  the  total  intensitx, 

5<1 
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Figure  4-2.  Calculated  zenith  inten' 
and  CO2  (vi  bral  uminescei 
ground  zero  of  a high-y 


I igure  4-5  shows  a tenith  value  at  1 22  - km  altitude,  400  km  range  from  ground 
;ero,  as  great  as  3 x 10  ''  watts  cm  “ ster  ' in  the  (1,0)  band  of  \'*\*''  even 
10  minutes  after  the  burst.  Contributions  from  the  other  fundamental  bands 
(2,11  (3,21,  etc.,  will,  as  mentioned  above,  make  the  numbers  even  larger. 

These  results  show  quite  clearlv  the  potential  importance  of  \**\'*' 
in  a nuclear  environment,  especially  if  the  band  strength  for  the  fundamental 
is  as  large  as  we  have  assumed. 

Consideration  Of  Low-Altitude  Effects 

knot  her  question  relating  to  that  we  have  addressed  is  the 

potential  importance  of  the  molecule  at  altitudes  below  about  90  km  in  acting 
as  an  escape  route  for  the  trapped  4.2o-um  CO,  resonance  radiation.  If,  as 
we  have  assumed,  the  radiative  lifetime  of  \'’n*'',(v  11  is  1 .02  50  sec, 

then  this  is  short  compared  with  the  5 minute  lifetime  (Reference  4-21  for 
deea>  of  N,  vibrational  quanta  by  transfer  to  and  radiation  from  CO,  at  80- 
km  altitude. 

In  considering  what  happens  to  a vibrational  quanta  of  \'*\'‘  , 

however,  it  is  necessary  to  allow  for  vibrational  exchange  with  N,  that 

should  be  rapid  at  the  lower  altitudes  because  the  v=  1 states  of  the  two 

isotopes  are  within  39  cm  ' of  perfect  energy  resonance.  In  fact,  assuming 

the  rate  constant  for  vibrational  exchange  between  the  two  isotopes  is  the 

-13  3 - 1 

same  as  that  between  anil  \,iv  1),  win  oh  is  about  3 N 10  cm  sec 
(Reference  4-91,  then  over  4'  10"'  exchanges  with  N,  would  occur  before  one 
quanta  is  lost  by  in  radiation.  If  we  ignore  CO,  and  assume  that  the 

on l'  wa>  an  N,(v  11  quanta  can  be  lost  permanently  is  b\  transfer  to  and 


11  is  . . . 

r.uli.ition  from  N N , t hon  solution  of  the*  simple*  sot  of  ro;u*t  ions 

N,(l)  + NllNlS(0) N,  (O')  *■  N 1 l.\  1 S ( 1 ) 
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leads  to  the  approximate  result 

iX  ' 1 0* 

! N , 1 1 ) 1 |N,  (11|  e ( I SI 

_ o 

where,  again,  a is  the  relative  abundance  of  \**N*'  . lor  values  of  o anil 

V , of  7 . 2 s 10  ■'  anil  7 x |p  ‘ respect  ivel  v , this  leads  to  an  effect  ive 

11  I II  lr> 

ilecav  time,  (itA  1 • for  N,(ll  (and  for  N N ' (1)1  of  1.1)3  hours  at  all 

altitudes  lie low  100  km.  Since  this  is  much  longer  than  the  decay  time  ot 

N,(ll  in  the  presence  of  00,,  we  conclude  that  the  presence  of  n''\*'  will 

not  alter  the  decay  rate  of  N , ( 1 I nor  the  emission  rate  from  t'O , . In  fact 

most  of  the  vibrational  energy  initially  deposited  in  below  about 

1 00 -km  altitude  should  eventually  be  radiated,  not  by  N^*N*'  . but  by  1'0 , , 

either  through  diffusion  of  the  trapped  resonance  radiation  at  I. do  pm  or 

through  the  weak  isotopic  and  hot  bands. 


Uncertainties 


Ihe  ma i or  uncertainty  lies  in  the  band  strength  (a  1 1 ernat i ve 1 v , 

the  linstein  \ coefficient!  for  the  fundamental.  \n  order  ot  magnitude 

decrease  in  the  value  assumed  here  would  render  the  species  ot  marginal 

importance.  Uncertainty  also  exists  with  respect  to  deexcitation  ot  the 

vibrat ion a 1 states  bv  V V exchange  with  N,  and  In  \ I collisions  with 

atomic  oxvgen.  Information  on  the  quenching  is  needed  tor  proper  inclusion 

11  13 

of  the  collision  limiting  at  altitudes  where  N N it  likelx  to  be  important 
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Recommends t i ons 


It  is  recommended  that  measurements  Ih>  made  t o dot  ermine 

\.  tin'  hand  strength  tor  the  fundamental  ot  (Prioritv  11 

the  vibrational  exchange  rate  between  \,  and  \'*\'‘  and  also 
the  quenching  rate  of  \ * * \ ^ ' t \ 1 bv  atomic  ox'gen  (I’noi  im  ") 
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time  of  od  see  tho  estimated  volume  emission  rate  from  NO  it  1 .'0  km  .iltitiiili 
i i about  one  order  ot"  magnitude  less  than  that  from  t'O,  v i bra  1 urn i nescence  am 

u rr 

nearli  two  orders  loss  than  our  estimate  of  the  X X eont  r i but  i on . \!  .'00 

Km  altitviile,  emission  from  the  three  species  is  about  comparable,  but  the 

intensities  are  so  low  there  as  to  have  little  systems  impact.  fluis.  in 

♦ 

terms  of  prompt  deposition  effects,  we  would  expect  significant  NO  intensi 
ties  for  onl'  a few  (perhaps  1(1  or  .'01  seconds  after  a single  high  alt  itude 
burst  , although  in  a mult ilnirst  environment  the  et fects  could  persist  much 
longer . 
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is  tlio  fact  that  the  omission  arising  from  t ho  hot  ;i  deposition  is  probahlv 
st  ructurod , which  moans  that  smallor  backgrounds  aro  required  to  intorforo 
with  scanning  systoms;  tho  othor  is  t ho  possibility  that  tho  quenching  is 

f 

much  loss  sovoro  for  tho  higher  vibrational  statos  of  Nil  booanso  tho  onorgv 
rosonattoo  with  N,  hooomos  increasingly  worse  for  valnos  of  v ~ 2.  finis . tho 
lo.Jl  , . oto.  hot  batnls  may  appoar  rolativolv  stronger  than  do  tho 

t 1 .04  ami  1 d , 1)  bands . 

In  summarv,  it  would  appoar  that  NO  doos  not  havo  a spectacular 
111  rolo  to  plav  in  a nuoloar  onv  i ronmont  , partly  booanso  tho  high  altitude 
excitation  moohanism  (oliotni  luminescence!  is  rathor  short  livod.  and  partlv 
booanso  tho  low-alt  itudo  f luorosoonot’/chomi  luminosoonoo  from  h and  > 
deposition  is  sovorolv  quenched.  !lowo\ov.  booanso  of  tho  possibilitv  ot 
oont inning  oxoitation  at  high  alt itudo  in  a multiburst  tan  i ronmont  , and  tho 
possibilitx  that  tho  hot  hands  of  tho  fundamontal  nia \ suffor  rolativolv  loss 
quenching  at  tho  low  altitudos,  it  is  still  worthwhilo  to  modol  tho  omission 
for  pot  out  ini  systoms  application  and  to  try  to  improve  our  predict  ion  capa 
hi  1 i t >■ . 

Uncertaint ies 


Vho  main  uncort a int ios  that  present lv  exist  with  respect  to  ealeu 
♦ 

lat ion  of  tho  NO  omission  aro  as  follows: 


1.  The  vibrational  distribution  of  NO  immodiatol'  following 
lloactions  I n through  I Id  is  totallv  unknown.  Iho  usual 
a -sumption  ot  equal  population  of  tho  levels  up  tv'  tho  maxi 
mum  allowed  bv  onorgv  consorv.it  iv'n  rnav  bo  qu  i t o wrong  and 
load  tv>  gross  errors  in  tho  photon  officionev  and  tho  spectral 
»l  i st  r i but  ion  v't  tho  radiation. 

Vho  quench  in);  bv  N,  v't  the  vibrat  ional  states  tor  v ' is 
nv't  known. 
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5.  Hu>  liinstoin  \ coo  ft*  i c i out  s ;iro  i ncoittp  lot  ol  y known.  I'lieo 

retical  w k>i'k  In  Billingsley  (Reference  I 12)  h.i n given  values 

for  \ aiul  but  t ho  experimental  values  obtained  In 

1,0  2,1 

Hi  on  (Reference  I 11)  are  nearly  2.5  times  l.ir;;or.  Ilio  \ 

oooffioionts  aro  norossarv  for  t ho  purpose  of  dot ormi n i ng  tho 

♦ 

quenching  factors  to  apply  to  tho  NO  chonti  luiiitnosconoo. 

-f 

lo  our  know  1 edge , no  ono  has  posit  ively  idontitied  NO  as  t ho 
source  of  an>  of  tho  111  rail  i at  ion  observed  under  auroral  Iv  disturbed  con 
il  it  tons.  1‘onip.i  r i sons  between  calculations  and  Hold  data  at  1.5  l mi  can 
usual  l\  bo  explained  on  tho  basis  of  00  , v i bra  1 ur.ii  nosconco  (see,  tor 
example.  References  2 5 and  1-2).  I'ho  intensity,  the  shape  of  the  main 
spectral  feature  at  ) . .>  ,-m  (observed  with  low  resolution  0\T  spectrometers), 
and  the  deeax  time  of  the  radiation  are  in  most  cases  consistent  with  the 

00 , mechanism.  However . we  do  find  that  the  calculated  NO  contribution  at 

1 .  pm.  relative  to  that  from  00,.  is  rather  sensitive  to  the  spectral 
hardness  of  the  incident  auroral  electron  flux.  In  fact,  tor  one  event  in 
the  ItTOAP  series  i • 75  Multi,  rocket  lOSl'.MV  IB),  our  calculated  contribu- 
tion to  tin'  •).,>- pm  radiance  is  an  appreciable  traction  ot  the  total  amount 

observed,  and  it  appears  to  give,  when  combined  with  t lie  00,  contribution, 

* 

better  agreement  with  the  data  at  111'  km  on  rocket  ascent  than  does  the 
calculated  00,  radiance  alone.  Also,  the  ON  I data  do  show  emission  on  the 
lone,  wavelength  side  of  the  main  00,  feature  at  1.5  pm.  part  of  which  max 
arise  from  the  (v.v  l)  bands  of  the  NO*  fundamental  system.  Not  until  data 
are  taken  with  higher  resolution,  however,  will  we  be  able  to  positively 
identifi  the  source  of  the  auroral  emissions. 


iVe  refer  here  to  Reference  2 5,  figure  ’ 15  and  to  later  work,  not 
published,  m which  the  VUt  I'll  code  results  have  been  modi  tied  to 
reflect  Ilien’s  measured  i|iienching  rate  and  have  also  been  reduced  to 
brine  the  measured  and  calculated  5 '21  1 \ intensities  into  line. 
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Recommendati  ons 


he  recommend  .1  measurement  program  to  determine: 

1.  the  initial  vibrational  distribution  of  the  NO  formed  by 
Reactions  I 9 through  l-l.i  (Priority  n. 

Selection  of  the  most  important  of  these  reactions  is  difficult. 

\t  high  altitudes  the  molecular  ions  will  disappear  rapidly  by  dissociative 
recombination  leaving  mainly  Reactions  I 11  and  I IS.  However,  at  low 
altitudes,  in  the  0 patch,  the  other  reactions,  with  the  possible  exeep 
t ion  of  1 Id,  are  also  significant. 

. f 

. the  quenching  rate  ot  NO  (v)  for  \ s3  (Priori!'  dl. 

S . the  I'instein  \ coefficients  with  better  accuracv  (Priorit'  S). 


Role  In  Nuclear  Environment 


Nitrous  oxide,  with  its  v.  fundamental  band  at  1 . 5 pm,  is  a verv 

.N 

nnor  constituent  of  the  ambient  atmosphere  with  a measured  mixing  ratio  that 
decreases  with  increasing  altitude  from  a value  of  about  S MO  at  It'  km 
to  1 ' 10  at  SO  km.  I'he  potential  importance  of  the  species  lies  in  the 
position  if  its  \>  band  to  the  red  -- 1 do  of  the  v_  fundamental  of  ft', 
and  the  possibilit'  ot  its  enhancement  in  a nuclear  environment.  Hi  -t or i ca 1 1 \ 
however,  the  species  has  not  been  considered  von  interesting  from  the  nuclear 
|R  point  of  view  for  several  reasons.  Kith  a dissociation  energ'  t‘  activu 
t i on  energ' 1 of  tut  oxer  d e\ , it  is  dost  roved  at  relative!'  low  tempera 
tures  in  fireballs,  and  so  thermal  emission  from  it  is  quite  low.  Outside 
fireballs,  the  major  formation  react  ion  is  usual  In  considered  to  be 
N • NO  . • N ,0  *0  where  the  NO,  comes  mainlx  from  reaction  of  NO  with  odd 
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oxygon.  But,  by  the  time  NO , has  formed,  most  of  the  nitrogen  atoms  have 

*"  * 
been  consumed  to  form  NO  by  reaction  with  the  much  more  abundant  0V  Thus, 

N ,0  chemiluminescence  should  likewise  be  small. 

Recently,  however,  1R  radiation  from  N ,0  has  been  observed  in  the 
l.AlUTOl'  experiment  (Reference  4-131  at  A1:0|  in  which  air  at  moderat'd)  high 
pressures  was  bombarded  by  short  pulses  of  electrons.  The  laboratory  data 
could  not  be  accounted  for  on  the  basis  of  the  standard  formation  reaction 
above,  but  it  has  been  suggested  (Reference  4-131  that  it  may  be  explainable 
by  the  reaction 

N , ( .\  'y  1 + 0,  — * N,0  + 0 (4-141 

where  t he  \T  state  of  N,  is  formed  in  the  experiment  by  the  3-bodv 
react i on 

N + N + M — * N , (A^Xl  + M . (4-151 

If  such  is  indeed  the  case,  what  are  the  implications  for  a nuclear  environ 
ment?  That  is  the  question  we  now  address. 

first,  since  the  radiative  lifetime  of  N,(\)  is  only  about  2 sec, 
the  suggested  mechanism  can  have  significant  duration  only  in  regions  where 
there  exists  a continuing  production  source  for  N,(A1.  This  requirement 
restricts  the  possible  applicability  either  to  ( low -a  1 1 i tudcl  highly  dis 
sociated  fireballs,  where  Reaction  4-15  can  operate,  or  to  the  > - and 
f-patch  regions  in  which  excitation  of  \,(A1  by  electron  impact  is  a 
continuing  process. 


This  statement  should  also  apply  to  a multiburst  environment. 
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Consider  first  the  fireball  region,  lor  rapid  formation  of  N,0 
In  the  eombination  of  Reactions  J - 1 4 and  I IS,  wo  need  to  have  present, 
simultaneously,  large  concentrations  of  both  atomic  nitrogen  and  molecular 
oxygen.  But,  if  the  atomic  nitrogen  concentration  is  high  li.e.  large 
fractional  dissociation  of  the  fireball),  then  the  0,  concentration  will  be 
small  unless  there  is  significant  entrainment  of  the  ambient  air.  If  en- 
trainment does  effectively  raise  the  0,  concentration,  then  the  nitrogen 
atoms  are  rapidl'  consumed  by  the  0,  to  form  NO  and,  consequently,  in  a short 
time  will  be  unavailable  to  form  N,(A)  by  Reaction  4-15.  These  statements 
are  indeed  borne  out  by  detailed  benchmark  calculations  performed  with  the 
I'lUCCIIfM  code.  We  conclude  that  the  suggested  mechanism  is  not  significant 
in  fireball  regions  except,  perhaps,  on  a time  scale  too  short  for  most 
pract  i ca  1 app  1 i cat  i otts . 


Consider  next  the  beta  patch  region  in  which  N,(M  is  produced 

continuouslN  by  electron  bombardment  of  N,.  MUM' 1C  code  calculations  show 

that  about  P.4  N,(A1  molecules  are  produced  by  electron  impact  tor  each 

ion  pair  that  is  created.  This  number  includes  eontribut ions  t rom  direct 

excitation  of  as  well  as  from  C *•  p >■  \ radiative  cascade  through  the 

second  and  first  positive  band  systems  of  nitrogen.  We  now  apply  this 

♦ 

number  to  the  case  described  previously  (see  discussion  under  NO  1 ot  a 1 MT 
fission  vield  burst  at  300-kin  altitude,  100  sec  after  the  burst,  with  a debri 
radius  iit‘  500  km.  \s  an  upper  limit,  we  assume  steady  state  conditions  in 
which  each  N,(A)  molecule  formed  reacts  with  0,  to  produce,  in  the  absence 
of  quenching,  one  v -band  photon  from  N,0.  Thus,  if  q is  the  volume 
production  rate  of  electrons  by  delayed  0 and  1 rays,  and  Q is  the 
quenching  factor,  the  volume  emission  rate  at  4.5  pm  t rom  N ,0  is 

i , ~ 0.4  q 0 (photons  cm  ' sec  'l  (4  lo) 

4.5  pm  ex 


where 


O - 


10 


10 

\,'M| 


(i  m 
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Here,  \,  . is  the  I'instein  coefficient  for  the  v_  hand  of  N,0,  and  k [Ml 
10  a 2 q 

is  the  quenching  rate.  We  assume  that  the  quenching  proceeds  by  Y-V  transfer 
to  N,  with  a rate  constant  of  3 * 10  cm'  sec  ' (as  for  N0+).  The  value  for 

is  ’5S  sec  Using  these  numhers,  and  the  previously  computed  values 
for  q _ along  a vertical  path  below  the  debris  region,  we  obtain  the  follow- 
ing results. 

for  altitudes  up  to  about  bO  km,  the  zenith  intensity  is  constant 

at  about  2 x 10  watts  cm  ' ster  ' and  then  decreases  with  altitude  to  a 
- 1 2 

value  of  about  S'  10  ' at  100  km.  These  numbers  are  comparable  to  those 

quoted  above  for  NO  emission  because  a comparable  number  of  photons  per 
ion  pair  was  assumed  for  both  species.  Small  though  the  numbers  are,  they 
are  probably  gross  overestimates  of  the  N ,0  emission  intensity  since  N,(A1 
will  likely  be  quenched  in  other  ways  besides,  perhaps,  the  formation  of 
N,0. 

Uncertainties 

The  major  uncertainties  involved  in  chemiluminescent  formation  of 
N ,0  by  Reaction  I 14  are: 

1.  the  rate  constant  for  the  Reaction  111 

'.  the  effective  number  and  spectral  distribution  of  the  emitted 
v.-band  photons. 

3.  the  quenching  rates  for  the  (OOvI  states  of  N,0. 

Recommendations 

We  do  not  recommend  a measurement  program  for  N ,0  at  this  time. 

Ihe  foregoing  considerations,  incomplete  though  they  ma>  be.  make  it  diffi 
cult  for  us  to  believe  that  IK  emission  near  4.5  pm  from  N,0  can  ever  be  a 
serious  threat  to  system  performance.  However,  if  it  can  be  demonstrated 
that  backgrounds,  perhaps  structured,  of  the  magnitude  quoted  above  are  -ig 
nificant  to  a present  or  planned  system,  then  a measurement  program  designed 
to  reduce  the  above  listed  uncertainties  would  certain!'  be  in  order. 
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SECTION  5 

SUMMARY  AND  RECOMMENDATIONS 


In  order  to  improve  the  capability  for  predicting  IK  radiation  at 

wavelengths  from  about  2 to  5 pm  in  a nuclear  environment,  we  have  attempted 

to  isolate  the  dominant  molecular  emitters  in  that  band,  and  to  identify  the 

factors  that  lead  to  the  greatest  uncertainty  in  the  calculation  of  their 

radiant  intensity.  In  so  doing,  we  have  restricted  ourselves  to  uncertainties 

related  solely  to  the  chemical  and  optical  properties  of  the  disturbed  air. 

Nevertheless,  it  is  well  to  remember  that  uncertainties  in  the  calculated 

emission,  stemming  from  incomplete  Knowledge  of  the  phenomenology  of  nuclear 

* 

burst  air  interactions  may,  in  some  cases,  dominate  those  considered  here. 

Selection  of  the  principal  uncertainties  is  based  on  a study  of 
the  available  evidence:  field  data  (auroral  and  nuclear),  recent  laboratory 
measurements,  results  from  code  calculations,  and  discussions  with  co-workers. 
In  the  foregoing  sections,  a priority  listing  of  the  research  needs  was  given 
for  each  molecule  considered  potentially  significant  in  a nuclear  environment. 
In  this  section,  we  attempt  to  provide  an  overall  priorit>  listing  of  the 
requirements,  irrespective  of  molecule.  Such  a listing  is  necessariU  in 
t‘1  noticed  b\  an  inherent  bias  with  respect  to  the  wavelength  region  deemed 
most  important  to  svstems.  Our  list  is  based  partlx  on  the  assumption  that 
the  primarx  region  is  a band  near  d.S  pm;  the  secondary  region  is  a band 
near  I . I pm.  \ different  assumption  would  lead  to  a different  ordering  of 
the  priorities. 

* liven  the  presence  of  natural  phenomena  such  as  winds,  turbulent  diffusion, 
and  vertical  transport,  that  are  difficult  to  predict  and  model,  may  drastic 
ally  alter  the  spatial  and  temporal  behavior  ot  long-lived  afterglow  regions 
and  lead  to  inherent 1>  large  uncertainties.  Ibis  is  especiallx  true  in  the 
case  of  CO,  \ i bra  luminescence. 
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For  the  band  extending  from  about  2.b  to  d.O  pm  we  considered  the 
species  NO,  CO,,  11,0,  OH,  HO,,  11,0,,  UNO,,  and  UNO..  Of  these,  NO  has 
traditionally  been  considered  the  dominant  emitter  in  a nuclear  environment. 
However,  in  spite  of  all  the  experimental  and  theoretical  efforts  that  have 
been  directed  toward  a confirmation  of  this,  doubt  still  persists  because  of 
inconsistencies  between  the  NO  mechanism  and  certain  of  the  field  data.  The 
possibility  that  CO,  vibra luminescence  may  be  significant  near  2.~  pm  cannot 
yet  be  discounted.  In  this  spectral  region  we  give  top  priority  to  the  need 
for  positive  species  identification  using  interferometer  techniques  to 
achieve  the  required  spectral  resolution.  Assuming  that  NO  will  prove  to  be 
the  dominant  emitter,  we  then  rate  the  species  (according  to  the  need  to 
acquire  data  relating  to  t hem)  in  the  order:  NO,  CO,,  OH,  11,0,  11,0,,  UNO  , 
UNO,.  No  specific  recommendations  regarding  the  last  four  molecules  in  this 
list  are  given  because  it  appears  that  their  contribution  f i ir  the  band  con- 
sidered here")  to  emission  from  a nuclear  environment  is  small  compared  to 
that  from  the  other  species. 

For  the  band  extending  from  about  1.1  to  -!.(■>  pm  we  considered  the 
species  CO,,  N*  *N*‘\  N0+ , N,0,  and  CO.  Of  these,  the  v„  band  of  CO,  at 
1 . do  pm,  excited  mainly  by  vibrational  transfer  from  N,,  is  undoubtedly 
dominant,  at  least  at  altitudes  below  about  lit'  Km.  However,  for  potential 
systems  operating  at  higher  altitudes,  or  at  wavelengths  to  the  red  side  of 
1 . do  pm,  emission  from  n'*n''’  and  NO  may  dominate,  or  at  least  compete  with, 
emission  from  the  hot  bands  and  weak  isotopic  bands  of  CO,.  No  specific 
recommendations  are  made  for  N,0  or  CO.  For  N,0,  the  only  long-lasting  source 
of  excitation  in  a nuclear  environment  occurs  in  the  beta  patch  for  which  we 
judge  the  N ,0  chemiluminescence  (including  possible  excitation  by  the 
N,(\)  *0,  react  ion 1 to  be  too  small  to  be  of  practical  concern.  For  CO, 
the  main  excitation  mechanisms  should  be  thermal  collisions  and  or  earthshine 
scatter  for  which  no  great  uncertainty  exists  with  respect  to  the  parameters 
i nvo 1 ved  . 
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at  200-km  altitude. 


7.  Perform  laboratory  experiments  to  determine  rate  constants, 
as  functions  of  temperature,  for  the  reactions 

0 + NO (v=0)  0 + \0(v=ll 

0 + NO  (v=P ) 0 + NO(v=:i 

8.  From  laboratory  measurements,  determine  rate  constants  for 
vibrational  transfer  from  N1(v>l)  to  CO,,  and  establish 
branching  ratios  for  production  of  4.3-  and  2, "-urn  radiation 
arising  from  the  difference  bands  (hot  bands')  of  CO,. 

9.  Perform  laboratory  experiments  to  determine  the  vibrational 
distribution  of  NO  immediately  following  its  formation  by 
chemi luminescent  reactions. 

10.  From  laboratory  measurements,  determine  the  quenching  rate 
of  N*'\'^(v)  by  V-Y  exchange  with  N,  and  by  Y-T  collisions 
with  atomic  oxygen. 

11.  Measure  the  CO,  mixing  ratio  at  altitudes  above  100  km. 

12.  Perform  code  calculations  to  confirm  the  tentative  conclusion 
that  in  a nuclear  environment  the  intensity  of  OH  chemi- 
luminescence is  depressed  below  normal  airglow  levels. 

18.  Perform  code  calculations  to  confirm  the  tentative  conclusion 
that  HO,  chemiluminescence  is  not  important  in  a nuclear 
environment . 

14.  Perform  laboratory  experiments  to  determine  the  quenching 
rates  for  N0(v>l)  by  0,  and  0. 

18.  Perform  laboratory  experiments,  supplemental  to  those  of 

Bien,  to  determine  the  quenching  of  NO  lv'-3)  In  \,  and  also 
to  establish,  more  conclusively,  Finstein  coefficients 
A , for  N0+ . 
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APPENDIX  A 

PHOTONS  PER  N(2D)  + 0;)  REACTION 


V determination  of  the  average  number  of  photons  produced  per 
N(~P1  +0,  v NO  * 0 reaction  in  the  fundamental  and  overtone  bands  of  NO,  using 
the  recent  c. 00111  SI  data  (Reference  1-81,  proceeds  as  follows. 

ZERO  QUENCHING  LIMIT 


let  n be  the  highest  vibrational  state  populated  by  the  reaction. 

I rout  energ\  conservation,  n = IS.  However,  the  maximum  level  seen  in  the 
COfUISf  experiments  is  n = 12,  a value  that  wo  will  adopt  here.  1 f we  ignore 
co 11 i si ona 1 excitation  and  de-excitation,  the  steady  state  population  of 
s^ate  v,  |N,(vl|,  is  determined  by  a balance  between  production  from  a 
combination  of  the  chemiluminescent  reaction  and  radiative  cascade  from 
higher  levels,  and  by  destruction  from  radiative  decay  to  lower  levels.  Thus, 
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Let  k he  the  rate  constant  for  the  reaction 
v 


N (“IV)  + 0,  — ^ NO ( v ) + 0 


It'  k is  the  overall  rate  constant,  then 


k = f k l A.-t>  1 

v v 

where  the  fraction,  f , which  is  the  probability  per  reaction  of  populating 
state  v , must  satisfy  the  relation 


l>ofiuo  now  the  quantity  tl(v)  such  that 

I N’  i ( v 1 | 

0 ( v 1 - 
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Then,  from  liquations  \ 3 and  \ X,  we  can  write 
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Hot-responding  relations  for  0(n),  tl(n-ll,  atul  (ill)  follow  from  liquation? 
\ 1,  \-2 , and  A 1. 


Since  the  stead\  state  volume  emission  rates  for  the  fundamental 
and  overtone  hands  are  given,  respectively,  by 
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it  follows  that  the  number  of  photons  per  reaction,  n,  emitted  in  the  funda- 
mental and  overtone  bands  are  given,  respectively,  by 


n n 
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In  Table  A-l  are  listed  the  ingredients  that  go  into  a determina- 
tion of  n.-  i and  r)  . . P' (v)  is  the  relative  production  rate  of 

fund.  overtone  1 1 

state  v as  determined  by  the  COCIIISli  experiments  (Reference  4-81.  The 
value  of  P'(01  was  not  measured  but,  by  extrapolation,  is  assumed  equal 
to  that  for  states  v =2  through  5.  The  data  shown  in  Reference  4-8  gives 
a value  for  P' (v)  of  about  1.4,  but  later  work  by  APGL  (Reference  A-ll 
indicates  that  it  should  bo  closer  to  1.0  as  it  is  for  states  v =2 
through  5.  This  gives  support  for  the  assumption  that  I”  (01  is  also  close 
to  unity.  The  values  for  the  Pinstein  coefficients  are  taken  from  a paper 
by  Billingsley  (Reference  A - 2 1 . 

As  seen  from  Table  A-l,  the  results  (to  two  significant  figuresl, 
in  the  zero  quenching  limit,  are: 

Of  | = 3.9  (photons/react  ion 1 

0 = 0.28  (photons/react ionl 

overtone  1 

CASE  WITH  QUENCHING 

The  foregoing  results  can  readily  be  modified  to  include  quench iny 
provided  a suitable  quenching  model  is  adopted.  \ccording  to  the  literature 


Ingredients  for  determination  of  q from  Equations 


the  main  atmospheric  quenchers  of  NO(v)  are  atomic  and  molecular  oxygen. 
IVe  therefore  assume  the  quenching  reactions  are 


N(Hv)  + 0,  — - NO(v-l)  ♦ 0, 


\o (v i + o — VfV' ■—  xotv-n  * o 


(A- 14) 


(A-15) 


These  reactions  serve  to  de-excite  level  v and  populate  level  v 1. 
Whether  Reaction  \ 11  is  of  the  V T or  V-V  type  is  not  too  significant 
for  our  purposes. 

The  functions  0 ( v 1 , defined  h\  Iquation  \-9,  are  now  modified 
as  t'o  I I o\»s  : 
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These  expressions  can  now  he  used  in  Initiations  \ 12  and  \ Id  to  determine 
the  photon  yield  once  values  for  the  quenching  rate  constants  are  specified. 


A-5 


In  order  to  tost  the  sensitivity  of  the  results  to  changes  in  the 
quenching,  we  adopt  here  two  different  models:  one  where  the  quenching  rate 
constant  is  proportional  to  the  vibrational  state  v;  the  other  where  it  is 
independent  of  v. 

Model  1 : k . = vk. 

v , v - 1 1,0 

3 - 1 . 

Here  we  assume  the  following  rate  constants  (cm  sec  ! : 
kj1^  = 2 . -1  *10’  (Reference  A-31 

i ’ 1 - 1 1 

kj“^  - 4 * 10  (inferred  from  Reference  A-4;  also  see 
Reference  A-5) . 

M°-de.1-^  : kv,v-I  = ki.O 


In  this  case  we  take 


k,  ' = 4.2  s 10  (Re 

1 ,0 


k<2l  = 4 * 1 0 " 1 1 


^ (Reference  A- 31 


These  two  quenching  models  have  been  utilized  in  the  foregoing 
equations  to  compute  values  for  p>  and  for  n , , and  n at 


equations  to  compute  values  ioi  u,  auu  um  u ^ j,  v v ’• 

selected  altitudes  between  20  and  lbO  km.  The  results  are  shown  in 
figures  \-l  to  A-3. 

figure  \ 1 gives  the  total  number  of  photons  emitted  per 
reaction  in  the  fundamental  and  first  overtone  bands.  At  high  altitudes 
the  curves  properlv  approach  tile  zero  quenching  limits,  below  SO  km,  the 
photon  viol d rapid l > decreases  because  ot  0,  quenching.  I he  minimum 
that  occurs  at  100  km  is  due  to  quenching  by  atomic  oxygen  whose  concen- 
tration was  assumed  to  peak  at  that  altitude.  Quenching  by  this  species 
evident lv  accounts  for  the  major  difference  near  100  km  between  our 


(photons  per  reaction) 


1 2 3 4 5 6 7 8 9 10  11  12  13  14  15 

v'  (upper  vibrational  state) 


Figure  A-3.  NO  fundamental  photons  per  N(‘D)  + 0^  * NO  + 0 reaction  at  selected 
altitudes  (quenching  model  independent  of  v). 


results  amt  those  presented  in  Reference  4-8  by  Kennealy,  which  amounts  to 
nearly  a factor  of  three.  \t  SO  km,  however,  where  0,  is  the  dominant 
quencher,  the  two  results  are  quite  similar. 

for  the  fundamental  hand,  the  two  quenching  models  give  results 
that  differ  by  at  most  S or  6 percent.  In  figure  \-l,  in  fact,  they  are 
merged  into  a single  curve,  for  the  overtone  hand,  the  results  for  the  two 
models  are  at  least  distinguishable.  At  20-km  altitude  the  difference  is 
about  "0  percent,  but  it  decreases  with  increasing  altitude.  l'he  main  point 
to  note  here  is  that  unless  the  quenching  rate  varies  with  the  vibrational 
quantum  number,  v,  much  faster  than  v . the  results  are  fairly  insensitive 
to  the  details  of  the  variation. 

figures  \-2  and  \-3  show  the  photon  yields  for  individual  transi- 
tions of  the  overtone  and  fundamental  hand  systems,  respectively,  calculated 
using  Model  2 quenching.  Apart  from  the  seemingly  out -of - sequence  position 
of  the  curve  for  100 -km  altitude  (due  to  0-atom  quenching!  in  each  of  the 
figures,  the  main  point  to  note,  especially  in  figure  A-2,  is  the  shift  of 
the  peak  emission  to  higher  vibrational  states  with  decreasing  altitude, 
for  the  overtone  band  at  high  altitudes,  the  peak  emission  is  produced  by 
the  (3,3!  band  (.2. SI  inn!.  \t  and  below  30  km,  however,  it  is  produced  by  the 
(-.S')  band  (2.00  pm').  fhus . with  Model  2 quenching,  one  would  expect  a shift 
in  the  chemiluminescent  overtone  spectrum  to  longer  wavelengths  as  the  alti 
tude  is  decreased.  However,  for  Model  1 quenching,  our  detailed  results 
(not  shown!  show  that  the  peak  overtone  emission  is  produced  by  the  (3,31 
band  of  NO  at  all  altitudes.  In  this  case  we  would  expect  little  or  no 
shift  in  the  spectrum  with  changes  in  altitude. 
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